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Summary

In this thesis we study several aspects related to the dynamics of electrons and holes in
quantum dots, as well as dynamics of electron spins in molecular magnets.

Magnetic materials and spin systems are usually probed and controlled by magnetic
fields. The techniques of spin manipulation via magnetic fields were developed in the ESR
and NMR studies. These techniques allow for detailed study and manipulation of large
collection of spins.

Reducing the size of a device improves its properties. In case of a prototypical magnetic
device, a memory element, the smaller devices will have shorter access times and larger
capacity per unit volume, and a smaller power absorption. Another important reason to
study even smaller devices is that a plethora of intriguing quantum effects become manifest
only when the size of a device is small enough. Typically, the quantum effects start to be
important at the nanometer scale. At these scale, the control via magnetic fields of individual
devices becomes problematic.

Obtaining electric fields instead, that can be locally controlled and fast switched, is a
routine nowadays. The ability to move around molecules with STM tips is just one example
of for control of quantum systems at the nanoscale with electric fields. The missing ingredient
is a mechanism that would make spins couple to electric fields. In this work I investigated
precisely this issue, namely the coupling of electric fields, either classical or quantum, to
different spin systems, like spins in quantum dots or molecular magnets.

The thesis is divided in four parts. In the first part, we investigate a new type of
spin-spin interaction, which arises due to the presence of both Coulomb repulsion between
two electrons localized in quantum dots, and the spin-orbit interaction in the host material
(GaAs). We show that this type of coupling is long-range and resembles the interaction
of two electric dipoles that depend on spin. For this interaction to arise direct coupling
between electrons is not necessary (no tunneling assumed). In the second part we investigate
the interaction between spins localized in quantum dots mediated by the electromagnetic
modes of a one dimensional microwave cavity and spin-orbit interaction. We show that this
interaction can be strong and long range (~ mm), and can be controlled (switched on and
off) either magnetically or electrically. The third part is devoted to hole-spin dynamics in
quantum dots. We analyze the weak magnetic field regime of the relaxation of a heavy-hole
spin localized in a quantum dot. Driven by recent experiments, we show that two-phonon
processes give a good explanation for the saturation of the relaxation time at intermediate
temperatures. In the fourth part we show, by several methods, that spin transitions in (some)
molecular magnets can be induced by electric fields. We identify a spin-electric coupling
caused by an interplay between spin exchange, spin-orbit interaction, and the chirality of
the underlying spin texture of the molecular magnet. This coupling allows for the electric
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control of the spin (qubit) states, e.g. by using an STM tip or a microwave cavity. We propose
an experimental test for identifying molecular magnets exhibiting spin-electric effects.
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Chapter 1

Introduction

In this thesis we study several aspects related to the dynamics of electrons and holes in
quantum dots, as well as dynamics of electron spins in molecular magnets.

Magnetic materials and spin systems are usually probed and controlled by magnetic
fields. The techniques of spin manipulation via magnetic fields were developed in the ESR
and NMR studies. These techniques allow for detailed study and manipulation of large
collection of spins.

Reducing the size of a device improves its properties. In case of a prototypical magnetic
device, a memory element, the smaller devices will have shorter access times and larger
capacity per unit volume, and a smaller power absorption. Another important reason to
study even smaller devices is that a plethora of intriguing quantum effects become manifest
only when the size of a device is small enough. Typically, the quantum effects start to be
important at the nanometer scale. At these scale, the control via magnetic fields of individual
devices becomes problematic.

Obtaining electric fields instead, that can be locally controlled and fast switched, is a
routine nowadays. The ability to move around molecules with STM tips is just one example
of for control of quantum systems at the nanoscale with electric fields. The missing ingredient
is a mechanism that would make spins couple to electric fields. In this work we investigate
precisely this issue, namely the coupling of electric fields, either classical or quantum, to
different spin systems, like spins in quantum dots or molecular magnets.

1.1 Quantum dots and spin qubits

Quantum dots, also known as artificial molecules, are semiconductor nanostrucures that
can accommodate several charge carriers , and show discrete level structure. In gate-defined
quantum dots, the localization of carriers to small regions is achieved with the help of external
gates, by fine-tuning their electrostatic potential. In self-assembled quantum dots instead,
the confinement of the carriers appears naturally, for example due to lattice mismatch of
two different materials.

While in the first realized quantum dots, the control over the number of electrons was
quite poor (several hundreds) and pretty unstable with respect to variation of the external
parameters (like gate-potentials, magnetic fields, currents), today’s state-of-art quantum
dots are stunning: full control over the number of electrons, down to the single electron per
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quantum dot have been realized [1,2].

In addition to the control over the number of electrons, the control over the quantum
state of the electrons is really impressive. In particular, the spin of an electron in a quantum
dot can be by now easily manipulated in a coherent fashion. Besides the technological
progress achieved in designing and controlling them, the quantum dots have been the play-
ground for testing important physical questions. It allowed to probe in a continuous manner
the transitions from classical to quantum world, in the same time providing strong tests of
quantum mechanical behavior at the nanoscale. The ability to engineer the quantum world is
the source of fascination with quantum dots. It opens new opportunities to use the quantum
properties of matter for different technological applications. Solid state electronics industry
build up its huge success on the constant miniaturization of the on-chip integrated circuits.
However, this approach on increasing the performance of electronics has its limits, which are
not only of technological nature but, more importantly, of physical nature. Reducing the size
further leads to crossing between classical and quantum regimes, where the functionality of
the devices is ruled by the laws of quantum mechanics instead of the classical ones. However,
this is not at all a drawback, but more of a challenge. It opens the possibility for a new
kind of devices that use quantum mechanics as an essential ingredient for their operation,
e.g. quantum computers, single-electron transistors, etc.

Information processing using quantum mechanics, or quantum computing, is among the
most prominent fields of science in the last fifteen years. The motivation behind this effort
comes both from the technological appeal of new and better computers and from the fun-
damental scientific questions about the nature of information and the physical limits on our
ability to process it. Quantum mechanics enters this discussion with understanding that
an abstract information is always embedded in some real world objects and therefore it is
governed by the laws of nature which are quantum. From the point of view of technology,
the appeal of quantum computers comes from the fact that there are problems that are
tractable on quantum computers which are believed to be intractable on classical ones. The
most famous such problem is factoring of integers into their prime factors [3|, suggesting
that quantum computers may be intrinsically more powerful than classical ones.

Powerful computers that cannot be built are useless, and it is crucial to know whether
the model of a quantum computer describes a machine that can be built, and how such a
machine can be built. Based on our current knowledge of quantum mechanics it is possible
to build a quantum computer. However, the realization of such a machine seems to be a
hard task.

One of the seminal ideas that for implementing a quantum computer was to use the spin
of electron as quantum bit (or qubit) for storing and processing quantum information [4]. By
now, this program for implementing qubits is called the Loss-DiVincenzo proposal. There
are a few basic requirements that a good qubit have to fulfill, called the DiVincenzo criteria:

1. Initialization in a given state with high fidelity;

2. Coherent control of single qubits (one-qubit gates) and controlled interaction between
pairs of qubits (two-qubit gates);
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Figure 1.1: Schematics of the double-dot configuration in the Loss-DiVincenzo proposal. In each
of the two sites (quantum dots) sits exactly one electron, whose confinement is provided by the
gates depicted in yellow. The coupling between the spins is controlled by the middle gates.

3. Long relaxation and decoherence times (much longer than the operation times);

4. Ability to measure the final states of the qubits;

5. Scalable qubits, if one wants to use them in future technologies.

The spin of an electron is a natural quantum system to encode a qubit, since the Hilbert space
is by nature only two-dimensional. A general spin states can be obtained by a superposition
of the spin "up’ and spin ’down’

) =l 1) + Bl 1), (1.1)

with |a]? + |8]> = 1. In the Loss-DiVincenzo proposal each of the spins is carried by an
electron which is trapped in a quantum dot, like in the sketch showed in Fig. 1.1. The
initialization of the qubit is defined by an external applied magnetic field. The spins are
supposedly manipulated individually, by local time-dependent magnetic fields which are due
either to currents flowing in nearby wires, the modification of the local g-factor by gates,
spin-orbit interaction, etc. The interaction between the spins can be controlled in an all-
electrical fashion by tuning the exchange interaction between spins. This is accomplished
by changing the potential barrier between the two dots. The coupling Hamiltonian between
two spins can be mapped to the isotropic exchange spin Hamiltonian H(t) = J(t)S; - So,
with the exchange coupling J(t) being time-dependent. Finally, the measurement of the spin
state at the end of the operation can be made, for example, by spin-to-charge conversion
methods.

Most of the experimental setups are based on quantum dots fabricated in a GaAs two-
dimensional electron gases(2DEGs). Rapid progress in GaAs nanostructures started once
few-electron QDs became available (for a review, see e.g., Ref. [1]), which opened the door
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to control the number of electrons in a single QD down to one in vertical [5] and lateral [6]
dots, as well as in double QDs. [7-9] Further important experimental progress came with the
advent of charge sensors which, quite remarkably, enabled the measurement of the relaxation
time of one single spin. [10] The longest spin relaxation times in single GaAs QDs extend up
to several seconds [11] and were measured in lateral dots at relatively small magnetic fields
(B~1T).

The spin decoherence time in GaAs was measured also in double QDs by studying the
hyperfine-induced mixing of singlet and triplet states. [12,13] In the same set-up, a universal
entanglement operation was implemented, [13| enabling a square-root-of-swap operation [4]
between two spin-1/2 qubits on a time scale of 180 ps. Resonant and coherent manipulation
of a single spin-1/2 has recently been implemented in a GaAs double QD, making use
of electron spin resonance (ESR) [14,15| as well as electric dipole induced spin resonance
(EDSR) [?,16] techniques. Resonant but incoherent (hyperfine-mediated) spin manipulation
in double dots was also recently demonstrated. [17]

In the past years though, a new candidate for a qubit state has been attracting growing
interest: the spin of a heavy hole (HH) confined in a flat QD. In a bulk semiconductor the
HH (J, = £3/2) and light hole (LH) (J, = £1/2) bands are degenerate giving rise to strong
mixing and thus to strong HH-spin relaxation. However, in a 2D system the HH and LH
bands are split due to the strong confinement along the growth direction [18] implying a
significant reduction of the HH spin relaxation via HH-LH mixing.

Holes have several advantages over the electron for qubit implementation. First of all,
they interact weaker than the electron with the collection of nuclei in quantum dots due
to their p-symmetry of the Bloch functions [19-23|. Even more interesting, this coupling
to the nuclei is anisotropic, namely of Ising type, with the Ising direction along the growth
direction. This implies very long relaxation times when the spin is initialized along the
z direction, even for weak or vanishing magnetic fields, as opposed to electron spin which
decays on time scales on the order of ns in weak fields. As for electrons, the spin relaxation
time for holes is set by the coupling of the spin to the phonon bath. In bulk GaAs material,
the heavy-holes spin life time is as short as picoseconds. However, confinement prolongs
this time scale to microseconds, and even milliseconds in weak magnetic fields [20,24]. It
was showed theoretically that the hole-spin relaxation time in quantum dots is the result
of the coupling to phonons via the spin-orbit interaction in the host material [25,26]. In
strong magnetic fields, the behavior of the relaxation time have been well described by one-
phonon processes. However, as opposed to electrons, the relaxation time show saturation
in weak magnetic fields, in the millisecond range. This cannot result from one-phonon
processes [25,26], but instead can be the result of two-phonon processes [27].

Most of the studies of holes in quantum dots were performed optically, in self-assembled
quantum dots. However, gate-defined quantum dots are way more controllable and suitable
to implement the Loss-DiVincenzo idea. The day one single hole will sit in a gate defined in
a quantum dot is around the corner, at present the state-of-art gate defined quantum dots
containing only a few holes [28|. Also, detection schemes involving quantum point contacts
in p-doped semiconductors are now developed [29].
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1.2 Single molecular magnets as qubits

Although the original proposal of using spins as qubits focused on electron localized in
quantum dots [4], the basic ideas are quite general. Other systems, like molecular magnets,
magnetic ions, electron spins in carbon nanotubes, NV-centers, etc, are as good candidates
for storing an electron spin. Each of these systems have advantages and disadvantages. For
example, as stated before, electron spins in quantum dots (gate-defined mostly) are extremely
controllable, with switching times that can be as fast as hundreds of picoseconds. However,
the main drawback of these systems is that it is very hard to wire them up in a large number.
Even though there are no fundamental reasons why wiring up a large number of quantum
dots should be impossible, it requires precise patterning of conductors in semiconductors,
and appears to be very hard with the current technology.

As an alternative to the design and fabrication of connections between many quantum
dots, the supra-molecular chemistry allows for a synthesis of large clusters of magnetic cen-
ters. In these complex molecules, the interaction between the centers is set by the molecules
themselves, and it is perfectly reproducible. The single-molecule magnets (SMMs) [30, 31]
represent a class of quantum systems that show rich quantum behavior. At low energies, the
SMMs behave as either a large spins or a systems of few interacting spins. The structure of
this spin system is tunable by altering the chemical structure of the molecules, and ranges
from a single large spin with high anisotropy barrier, to small collections of ferro- or antifer-
romagnetically coupled spins with various anisotropies. This versatility of available effective
spin systems makes the SMMs promising carriers of quantum information. The classical
magnetic fields readily interact with the spins in SMMs, and offer the most straightforward
control mechanism through the electron spin resonance (ESR) techniques [32].

Quantum behavior of SMMs is clearly manifested in the quantum tunneling of magnetiza-
tion [33-39]. A prototypical example of quantum tunneling of magnetization is the hysteresis
loop of a SMM with a large spin and high anisotropy barrier. The height of the barrier sepa-
rating the degenerate states of different magnetization leads to long-lived spin configurations
with nonzero magnetic moment in the absence of external fields. The transitions between
magnetization states in the SMM driven through a hysteresis loop occur in tunneling events
that involve coherent change of a many-spin state. These transitions have been observed as
step-wise changes in magnetization in single-molecule magnets [36,37,40-42|. Similar tun-
neling between spin configurations are predicted in antiferromagnetic molecules [43,44], and
the observed hysteresis was explained in terms of the photon bottleneck and Landau-Zener
transitions [45-48|. The transitions between spin states are coherent processes, and show
the signatures of interference between transition paths [49,50]. It has been argued that they
show the effects of Berry phase [51-53].

These features make them, just like quantum dots, objects that are witnesses of the
crossover between the classical and quantum worlds. Like in quantum dots, one can chemi-
cally engineer the coupling between molecules, but for a much larger number of them. This
means wiring up the magnetic molecules, a step forward to the scalability of spin-qubit sys-
tems. The drawback here is the control over these couplings. Chemistry alone is not enough
for this purpose, but combined with the methods used for the control of spins in quantum
dots, can provide full control over the magnetic molecules. There are already plenty of ideas
for using molecular magnets for quantum information processing. To give just an example,
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Figure 1.2: The Mnjs molecular magnet. a) the schematics of the distribution of the Mn ions in
the molecular magnet. b) the level structure of the lowest spin multiplet S = 10.

it was showed that Grover algorithm [54| could be efficiently implemented in in such tiny
structures [55]. Grover algorithm, or ’searching the needle in the hay-stack’ is one of the
problems that has been showed it can be solved much faster on a quantum computer than on
a classical one. Even though the special resource of quantum mechanics, i.e. entanglement,
does not play a role for this algorithm, it still makes use of interference. In figure Fig.1.2
we show one of the most widespread molecular magnets, namely the so called Mn12. This
molecule is composed of 12 Mn magnetic ions, 8 of them carrying a spin 3/2, while S = 4 of
them a spin S = 2. Due to exchange coupling between the magnetic ions, the molecule has a
ground state with S = 10. For all purposes, this molecule behaves as a large spin individual
object, and not as a collection of magnetic ions that interact.

Molecular magnets are probed and controlled usually with magnetic fields, either static or
time-dependent. ESR and NMR are by far the most used methods for this purpose, providing
information on the parameters of the spin systems (spin-Hamiltonian). However, magnetic
fields probe a large number of molecules, and not one in particular. For implementing the
spin-qubit program though, access on the single molecule level is needed. Magnetic fields
that act locally, on a single molecule, are very hard to obtain. An even harder task is to
produce both local and strong magnetic fields. Usually, strong magnetic fields are provided
by superconducting coils. These are pretty big in size and thus the magnetic fields they
create are not at all local. Electric fields instead can be made both strong and local by
using, for example, STM tips or electrostatic gates as done for quantum dots.

Most of the molecular magnets are grown in crystal structures. They form the basis
of some bulk materials and usually they are not interacting with each other. The only
common feature they share are the lattice vibrations that cause decoherence, in the same
time providing means for coupling different magnets. The bulky structure of these materials
can be quite a problem if one is to address them individually. The goal would be to isolate
single molecular magnets on, for example, surfaces of different materials, in the same time
keeping them isolated from the surface itself. This obvious task was a hard one though,
and it required a lot of effort and innovation from the experimentalist. In the end, this
was worthwhile, by now more and more materials being synthesized on surfaces. The next
step now is to control them individually and, preferably, to implement some of the existing
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quantum algorithms.

1.3 Outline

In the first Chapter we investigate a new type of spin-spin interaction, which arises due to the
presence of both Coulomb repulsion between two electrons localized in quantum dots, and
the spin-orbit interaction in the host material (GaAs). We show that this type of coupling
is long-range and resembles the interaction of two electric dipoles that depend on spin. For
this interaction to arise direct coupling between electrons is not necessary (no tunneling
assumed).

In the second Chapter we investigate the interaction between spins localized in quantum
dots mediated by the electromagnetic modes of a one dimensional microwave cavity and
spin-orbit interaction. We show that this interaction can be strong and long range (~ mm),
and can be controlled (switched on and off) either magnetically or electrically.

In the third Chapter we analyze the weak magnetic field regime for the relaxation of a
heavy-hole spin localized in a quantum dot. Driven by recent experiments, we show that
two-phonon processes give a good explanation for the saturation of the relaxation time at
intermediate temperatures.

In the fourth Chapter we show, by several methods, that spin transitions in (some)
molecular magnets can be induced by electric fields. We identify a spin-electric coupling
caused by an interplay between spin exchange, spin-orbit interaction, and the chirality of
the underlying spin texture of the molecular magnet. This coupling allows for the electric
control of the spin (qubit) states, e.g. by using an STM tip or a microwave cavity. We propose
an experimental test for identifying molecular magnets exhibiting spin-electric effects.






Chapter 2

Electrostatically coupled spins

We study the spin-spin coupling between two single-electron quantum dots due to the
Coulomb and spin-orbit interactions, in the absence of tunneling between the dots. We
find an anisotropic XY spin-spin interaction that is proportional to the Zeeman splitting
produced by the external magnetic field. This interaction is studied both in the limit of weak
and strong Coulomb repulsion with respect to the level spacing of the dot. The interaction
is found to be a non-monotonic function of inter-dot distance ay and external magnetic field,
and, moreover, vanishes for some special values of ay and/or magnetic field orientation.
This mechanism thus provides a new way to generate and tune spin interaction between
quantum dots. We propose a scheme to measure this spin-spin interaction based on the
spin-relaxation-measurement technique.

2.1 Introduction

Electron spins in semiconductor nanostructures are not decoupled from the charge degree of
freedom, one of the primary reasons for this coupling being the spin-orbit interaction. This
coupling leads to many interesting phenomena in the physics of semiconductors [56,57|, an
important one being the ability to control the spin of the electron with electric fields acting
on its charge degrees of freedom [?,58-62]. In GaAs quantum dots the spin-orbit interaction
manifests itself as a weak perturbation when compared with the confinement energy. The
measure of smallness is given by the ratio between the dot radius A and the spin-orbit length,
Aso—the distance over which an electron travels and thereby precesses by an angle © about
the intrinsic 'magnetic’ field induced by the spin-orbit interaction. We mention that there
are also materials which possess large spin-orbit couplings, with the spin-orbit length on the
same order as the dot size, e.g. InAs, InP quantum dots. Despite its smallness the spin-orbit
interaction is very important for the coherence of the spin dynamics. For example, spin-
orbit interaction allows for coupling of the electron spin to (bosonic) environments, such as
phonons [63,64] or particle-hole excitations in quantum point contacts [65], which in turn
causes relaxation and decoherence of the spins. Moreover, electrons being charged particles
interact via the long range Coulomb forces with each other, even if they are confined to well-
separated quantum dots with no overlap of their wave functions. Through this electrostatic
coupling and in combination with the spin orbit interaction, the spins of two electrons located
in different dots become coupled even in the absence of tunneling between the dots.

9
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In this section we provide a detailed analysis of such an effective spin-spin interaction for
lateral quantum dots in a configuration as shown in Fig. 1. We will see that the origin of
this interaction is the “tidal” effect each of the electrons produces on the charge distribution
of the other electron via electrostatic forces. Because of the spin-orbit interaction, the
electric dipole moment (as well as higher moments) in each dot couples to its electron
spin. As a result, the two spins experience an interaction resembling a magnetic dipole-
dipole interaction [66] with effective magnetic moments which can be strongly enhanced
by up to a factor of 10 compared to the Bohr magneton. The magnitude of the spin-spin
coupling obtained via this spin-electric effect can be efficiently controlled and even completely
suppressed by adjusting external parameters such as the magnetic field direction, strength,
and inter-dot distance.

The spin-spin interaction can, in principle, be used to perform two-qubit operations as
required in the spin-based quantum computing scheme [4], because it entangles spins and
can easily be switched on and off. We note that a similar mechanism for spin interaction
based on electrostatic coupling was studied very recently in Ref. [67] for vertically coupled
quantum dots, and in Ref. [68] for the special case of one-dimensional quantum dots formed
in semiconducting nanowires. Besides the differences in geometry and dimensionality, both of
these works treat only the case of weak Coulomb interaction (compared to the level spacing),
while we treat here also the opposite limit of strong Coulomb interaction where new and
interesting features emerge. In the limiting case of strongly elliptical dots we recover the
one-dimensional results obtained in Ref. [68].

We emphasize again that in the present study we exclude tunneling and thus the type
of spin interaction studied in the following is fundamentally different from the Heisenberg
exchange interaction for which the presence of electron tunneling between the dots is crucial!
[69-71]. Similarly, the combined effect of Heisenberg exchange interaction and spin-orbit
coupling |72-76] is also based on tunneling and should be carefully distinguished from the
spin-orbit effect studied here. We also note that the Heisenberg exchange coupling allows
typically for much stronger spin-spin coupling than the electrostatically induced one. For
instance, in GaAs dots the Heisenberg exchange can reach values on the order of 0.1 meV —1
meV, which, as we shall see, exceeds the electrostatically induced spin coupling by three to
four orders of magnitude. Nevertheless, the electrostatic spin coupling can prove useful for
cases where it is difficult to get sufficient wave function overlap (needed for large Heisenberg
exchange), and, moreover, it is also important to understand the electrostatic spin-effects
in detail in order to get control over possible interference effects between different types of
spin coupling. This will be for example of importance for spin qubit applications in order
to minimize spin decoherence and gate errors.

Finally, in view of experimental tests we propose a scheme to measure the spin-spin
interaction in a double dot setup with a nearby charge detector. We propose to combine
the spin-measurement technique of Ref. [10] with the entangling property of the spin-spin
interaction and present a gate pulsing sequence that enables one to access the coupling
constant in the time domain by measuring the occupation probability of a Zeeman sublevel.

ITo distinguish between the two mechanisms we refer to the coupling studied in this work as ’spin-spin
coupling’ as opposed to the Heisenberg exchange coupling.
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Figure 2.1: The figure shows a sketch of the model system which consists of two identical quantum
dots in the xy-plane, separated by distance ag (measured from dot-center to dot-center). S; denotes
the spin of electron i = 1,2, A is the dot radius, and B is the external magnetic field. The respective
orbital wave functions of electron 1 and 2 are assumed to have no overlap (i.e. tunneling between
the dots is excluded). The remaining purely electrostatic Coulomb interaction between the electron
charges leads, via spin-orbit interaction, to an effective coupling between their spins. This spin-
spin interaction depends sensitively on the orientation of B , with no component along it, and is
proportional to B2

2.2 The Model

Our system consists of two electrons each of which is localized in a quantum dot, and the
two dots are separated from each other, without tunneling between them. The system is
composed of two gate-defined quantum dots in a two-dimensional semiconductor layer (e.g.
GaAs or InAs). A schematics of the system we consider is shown in Fig 1.

We model the system by a harmonic confinement potential, which, for simplicity is
assumed to be the same for both dots. Each dot is assumed to contain one electron with
charge —e and spin S = (h/2)o, with o = (0, 0,,0,) being the Pauli matrices. The model
Hamiltonian consisting of several terms reads

H=Hy+Hz;+ He+ Hgo, (21)

where Hj is the energy of the two electrons in the confinement potentials

Hy = Z (% + U(ri)) . (2.2)

Here, p; = —ihd/0r; + (e/c)A(r;) is the 2D kinetic momentum of the i-th electron at
position r;, m* the effective mass, ¢ the speed of light, U(r;) = (m*/2)wir? the confinement
potential for the i-th electron which is assumed to be harmonic and isotropic, and A(r;) is
the electromagnetic vector potential. The strength of the confinement energy is given by the
frequency wy. The second term on the right-hand side of Eq. (3.5) is the Zeeman energy of

the two electrons,

1
Hy, = §g,uBB (o1 4 03). (2.3)

The third term in Eq. (3.5) is the unscreened Coulomb interaction between the two electrons,

e2

He (2.4)

- /£|'r1 —T2+a0|7
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where k is the dielectric constant of the material and ag is the geometric distance between
the two dots, namely between the potential minima (‘center’) of the dots. With this choice,
we measure the distance for each electron from its own dot center. The last term in Eq.
(3.5) is the spin-orbit coupling which for strong z-confinement is given by

Hso = Z [B(=plol, + o) + a(ploy, — pos)], (2.5)
i=1,2

being the sum of the Dresselhaus term [77] (5) coming from bulk inversion asymmetry
and the Rashba term [78] («) coming from structure inversion asymmetry. We assume the
same coefficients f and « for both dots. It is convenient to work with center-of-mass and
relative coordinates [79], as the Coulomb interaction couples only to the relative ones and
the solution of the center-of-mass part is straightforward [80,81]. This then involves the
standard substitutions M = 2m*, m = m*/2, R = (r1+13)/2, r = r1 —7ry, and P = p;+po
and p = (p1 — p2)/2.

2.3 Spin-Spin Coupling

We now turn our attention to the spin-orbit interaction. As was shown in Ref. [64], the
spin-orbit coupling gives non-zero first order effects only if a magnetic field is present, as a
consequence of the Kramers degeneracy. In order to describe the effective first order spin-
orbit term in the presence of a magnetic field we make use of the Schrieffer-Wolff (unitary)
transformation |?,64]

]:I = €S(Hd + HZ -+ Hgo)e_s
= Hy+ AH + e Hze ™, (2.6)

where S = —ST is chosen such that PAH = AH, with the projector operator P satisfying
PA =" A,|n)(n| VA, and Hyn) = E,|n). The Hamiltonian Hy = Hy + He (or Hy =
Hgr+ H,+ H¢ in center-of-mass and relative coordinates). The Hamiltonian H=H,+AH
is diagonal in the basis of H; and has the same energy spectrum as the Hamiltonian H =
H; 4+ Hgo. In first order of the spin-orbit interaction Hgo the transformation generator
becomes S = (1 — P)L;'Hgo, where L, is the dot Liouvillean, LyA = [Hg + H, + Hc, Al
VA. Evaluating this expression explicitly we obtain

S=(1-P)i) &-o; (2.7)

i=1,2

with &2 = (y12/A+,712/A-,0). In second order in spin-orbit coupling the transformed
Hamiltonian H becomes

H=Hp+ H, + Hy + He + HZ, + AHso, (2.8)
with HZ, = HZL + HZ3 and AHgo = 1/2[S, Hso| + |5, [S, Hz]] where

HEY? = (S Y = Eo(1 - P)lL x (€n £6,/2)] - 1 (2.9)
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h

N i=1,2
1
- i=1,2

In Egs. (2.9) and (2.10) I = B/B is the magnetic field direction vector, E; = gugpB is
the Zeeman energy and the vectors £€r and &, are given by &€z = (Y//A_, X'/A,,0) and
& = (Y/A_,2'/\;,0), respectively. The new coordinates correspond to a rotation by an
angle m/4 — v with respect to the coordinate frame in which the direction of the ag-vector
is associated with the z-axis in the XY (zy) plane so that the final expressions have the
simplest form [64]. Here, 7 is the angle between the zy frame in Fig. 1 and the normal axes
of the crystal. The spin-orbit lengths Ay are given in the form 1/Ay = m*(8 + «). The
terms which are of second order in spin-orbit coupling in Eq. (2.10) (which are also zero and
first order respectively in Zeeman splitting) are single-spin terms and no coupling between
spins take place in this order. In fact, they are just second order terms which are present
in perturbation theory for an isolated spin in a QD, but now renormalized by the Coulomb
interaction between the two electrons. We neglect these terms in the following analysis
since they only change the on-site Zeeman interaction by a small amount. We are now in
a position to derive the coupling between the two spins. This is achieved by performing a
second Schrieffer-Wolff (SW2) transformation which excludes the first order contribution in
spin-orbit interaction with no diagonal matrix elements. The new transformed Hamiltonian
has the form Hy = " He™", with T given by

T=(1~P)i(Lg+ Ly)"'HE,. (2.11)

We assume now that the Zeeman energy is smaller than the orbital confining energy, F, <
hwy, which is usually the case for electrons in quantum dots, such that we can neglect in Eq.
(2.11) the Zeeman Liouvillean L (for spin-orbit effects due to level crossing see Ref. [25]).
In second-order in spin-orbit coupling the effective Hamiltonian H.z becomes

1
Hypy=Hy+Hz+ §[L;1HSZO, HZ,). (2.12)

The last term in Eq. (2.12) contains the desired spin-spin coupling between the two spins.
However, besides this interaction it also contains some self-interaction terms which renor-
malizes only the Zeeman splitting. We will not study those terms since they are of no
practical interest in the case of identical dots. We consider a general magnetic field B =
(cos ®sin b, sin ®sin 6, cos 0), where 6 is the angle between the magnetic field and the z-axis
perpendicular to the 2DEG plane and ® the angle between the in-plane component of the
magnetic field and the z-direction (Fig. 1). The interaction between the two spins has the

most general form
1 I .
Hy= 3 S L HE HE, =12 (2.13)
i#]
The spin Hamiltonian is obtained by averaging over the orbital ground state, H, = (0| H,|0).
We then obtain

H, = o, Mo, (2.14)
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where

My = E20|[(I x L7'€)a, (I x €)5]]0), a,b=x,y, 2. (2.15)

We note that there is no component of the spin along the magnetic field direction as a

consequence of the vector product in the tensor M. By diagonalizing the above tensor, we
obtain for the Hamiltonian H, the reduced expression

H, = Jzoh0% + Jyo,05. (2.16)

where the couplings J;; depend on the magnetic field orientation and on the functions
Cony, = (0][L; " ay, b2]|0), with a,b = z,y (for explicit expressions see the Appendix A). Thus,
the effective spin-spin interaction is highly anisotropic, and, in general, of the XY -type. We
note in particular that for an in-plane magnetic field (6 = 7 /2), the spin Hamiltonian reduces
to the Ising Hamiltonian, H, = Jgaéag (in a transverse magnetic field). Next, we rewrite
Hj in terms of raising/lowering spin operators oy = 0z % ioy

Hy = Jeg(olo® +0lo?) + Jig(olo® +olo?), (2.17)

with Jog = (1/2)(Jz + J3) and Jip = (1/2)(Jz — Jz). We recall now that the full spin
Hamiltonian includes the Zeeman energy, given in Eq. (2.3), which leads to a large energy
gap with 2E; > J; ;. We will find below that typically

Jig Bz ( A )2
Y <1 2.18
Ez  hwo \ Aso (2:18)

under our assumption that F; < hwy and A < Ago. As a consequence, we can neglect
in Eq. (2.17) the terms proportional to Jig since they cause transitions between different
Zeeman levels of the total spin. The relevant spin-spin interaction, H¢ which acts only
within the S — T}, subspace, becomes then

HY = Jg(oto? +olo?). (2.19)

Thus, we are left with the task of calculating the coupling strengths J; ; and J.5. Because
of the Coulomb term, Eq. (2.4), this cannot be done exactly and some approximations
are required. They will depend on the ratio d between the Coulomb interaction strength,
e?/kag, and the orbital level spacing, fiwy, giving 0 = (e%/kag)/hwo = (M/ag) - (A\/ay), with
A = /h/m*wy being the dot radius and ap = h%k/m*e? - the Bohr radius in the material.
In other words, the parameter ¢ will dictate the physics of the system, and from now on
we will speak of the ratio A/ap as being the Coulomb interaction strength (representing
in fact the ’true’ Coulomb strength for touching dots). For making the following analysis
more transparent we focus on the case with only Rashba spin-orbit coupling (A = A\, =
Aso). The generalization to the case with both Rashba and Dresselhaus terms present is
straightforward, but at the cost of more complicated expressions (see Appendix A).

2.3.1 Weak Coulomb coupling - § < 1

One interesting case is met when ¢ < 1, such that the Coulomb interaction can be treated as
a perturbation compared to the orbital level spacing. In this case, one can retain only the first
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order contribution from the Coulomb interaction, which translates into the approximation
L' =~ Ly' — Ly'LoLy'. Making use of this and after some algebra we obtain for the
spin-spin coupling the following expression

H, = / dpydiry— 00102 (2.20)
KTy — 72 + agl

where the operators dp;, i=1,2, are the charge density distribution modifications in each dot
as a consequence of the spin-orbit interaction. They are defined as

Spi=pi — pY, i=1,2, (2.21)

with p{ being the charge density operator in the absence of spin-orbit interaction and p; =
eTope=10 the one in the presence of spin-orbit interaction, with Ty = Ly ' HZ, for the present
approximation. From Eq. (2.20) we see that the spin interaction results from a Coulomb-
type of coupling between two charge density distributions which themselves depend on spin.

Let us now analyze in more detail Eq. (2.20). The first task is to find dp;, for i = 1,2,
namely the spin-orbit induced charge distribution or the spin-dependent charge distributions
for each dot. In order to do this, we give first some important relations valid in the case of
harmonic confining potential, relations which are used in the following for the derivation of
the main results

1 . eB
Lotz = — Ly, 2.22
0T p— (paﬁr ; y) (2:22)
1 . eB
Lityi= —— (p — 2.23
Li'pi = m}; r. (2.24)

Making use of the relations Eqs. (2.22—2.24) and within the first order of spin-orbit coupling,
i.e. 0p; = [Ty, pl], we obtain
2E26
m*)\ng)\So
+(yisin® — z; cos @), |, (2.25)

dpi(r) = poi | cos O(y; cos @ + z; sin )o,

with p{ being the bare charge density in the dot corresponding to the ground state and which
assumes the well-known form for harmonic potentials

L (=} +97)
0(p) — ——_ A2 2.26
r e . .

pi(r) = —3 (2.26)

We note that when there exist a perpendicular component of the magnetic field, the dot
radius is renormalized due to the orbital effect of the magnetic field A — A(1 4 r2)~1/4 with
r = wy/2w. (w. = eB,/m*c, B, = Bcosf). However, we will still refer to A as being the
dot radius, with the appropriate expression depending on the magnetic field orientation. We
could now insert the expression Eq. (2.25) for dp; in Eq. (2.20) and compute directly the
spin Hamiltonian. However, working with the Coulomb potential, it is more convenient to



16 CHAPTER 2. ELECTROSTATICALLY COUPLED SPINS

work with the center-of-mass and relative coordinates and for simplicity the z-axis along
the inter-dot direction ay. Assuming for simplicity a perpendicular magnetic field, the spin
Hamiltonian H, takes the form

Hy = oz *2A4nggo / [ v aR (s
(X? —a?/4)o,02 + (Y? —y?/4)o,0,
X

kY% + (z + ag)? ’

with the electronic densities po(r) = (2/7\?) exp(—r?/2A?) for the relative coordinates, and
po(R) = (1/27A?) exp(—2R?/\?) for the center-of-mass coordinates. In Eq. (2.27) there
are no mixed terms like 0102 since those terms vanish because of the odd symmetry of the
integrands in the case of harmonic confinement, which reflects inversion symmetry. The
limit of in-plane magnetic field is obtained very easy from Eq. (2.27) by substituting the
denominator with [(X? —x?/4) cos® ®+ (Y2 —2?/4) sin® ®|ojo?. [For general field orientation
the expression for H, is more complicated (see Appendix A).| In order to make the following
analysis more transparent, we introduce the dimensionless coordinates » — r/\ and R —
R/)\. The integration over the center-of-mass coordinates is now straightforward and the

reduced expression for the spin Hamiltonian becomes

(2.27)

1% @ 1 _2 1.2
H, = W, (AECO'JCO'JE + AEgayay) , (2.28)
for a perpendicular magnetic field and
E3 1_2
Hs = m (AEC Sln d + AEC’ COS (I)> gag, (229)

for an in-plane magnetic field oriented at an angle ® with respect to the inter-dot distance
vector ag. The energy differences AESY are given by

e? / 1— 22
AE} drpo(r 2.30
¢k ’ \/y + (z + ag/N)?’ (2:30)

e? 1 — 19?2
AEY, = / drpo(r 2.31
c )\2 0 \/y + T + CLO/)\) ( )

The ground state and the first excited states of the dots in relative coordinates give rise to
different charge distributions (po, p1., and py,, respectively), and thus to different potential
energies seen by a test charge at a distance ag (along x) away from the center of the charge
distribution (in relative coordinates). AESY are the differences between these potential
energies.

Before studying the distance dependence of the spin Hamiltonian H, (determined by
AEZY) in the entire range of distances, it is instructive to see how the expression Eq. (2.20)
behaves in the large distance limit, ay > A, and to make some comparison with the magnetic
dipolar interaction in vacuum [57]. We perform a multipole expansion of the Hamiltonian
in Eq. (2.20). The first non-zero contribution takes the form of a dipole-dipole interaction
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between two spin-dependent electric dipoles, or phrased differently, the interaction between
two charge-induced magnetic dipoles

my - my — 3(my - n,)(mg - n,)

H, ~ , 2.32
Kaj (2:32)

with the dipole moments m,; given by
m; = Trypopir] = oy i =1,2. (2.33)

Here, the trace is taken over the orbital degrees of freedom with n, = ag/ay and j being
the tensor corresponding to an effective spin-orbit induced magneton

—cosf 0 O
— eEZ
=" } 2.34
2 S 0 cost) 0 ( )
0 sinf 0

We see from Eq. (2.34) that the tensor i depends on the magnetic field orientation with
respect to the 2DEG and that it is also anisotropic, in contrast to the usual isotropic Bohr
magneton pp = eh/2mec (m, is the mass of the free electron and ¢ the speed of light).
We note that the z-component of the induced magnetic moment (with 2||B) vanishes, i.e.

m = (my,m,,0). Let us quantify the strength of /i by the norm ||a|| = (1/v/3), DT
1.€.

1l = ——E2_ e, (2.35)

\/§ m*wo )\SO

We compare now ||z|| with pp. First of all, we note that ||z|| vanishes when there is no
Zeeman splitting. However, for finite magnetic fields, ||| can exceed pp by many orders
of magnitude in the case of quantum dots. To give an estimate, we assume hwy ~ 0.5 meV,
Ez ~0.05meV (B~ 2T) and m* = 0.067m,, Aso ~ 10~°m for GaAs quantum dots. With
these values, and taking § = 0 (perpendicular magnetic field) we obtain

HEll _ 4 Ez me c
pe /3 Twe m* worso

We describe now in more detail the limit of large distance between the dots. From Egs.
(2.28) and (2.27) we find for ag > A

~ 10°. (2.36)

Hy = J(oy0; —20,02), (2.37)
for a perpendicular magnetic field, and

H, = J(cos® ® — 2sin® @)0‘;0‘; (2.38)

for an in-plane magnetic field, with the coupling strength J having the form
E% e?

¥, A\2 3
KM*2wyAgoag

J = (2.39)
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From Eq. (2.39) we see a large distance decay ~ a;?, i.e. a long range type behavior. We

note also that the large distance result in Eq. (2.39) does not depend anymore on the orbital
effect of the magnetic field. Working instead with the effective Hamiltonian defined in Eq.
(2.19), the effective coupling strength J.g for arbitrary magnetic field is given by

Jop = _g [1+sin®A(1 — 3sin”* ®)] . (2.40)

We note that the spin coupling can range from maximally ferromagnetic interaction with
Jof = —J at § = /2 and ® = 0 to maximally antiferromagnetic interaction with J.z = J/2
at § = 7/2 and ® = /2, and with J.z passing through zero for certain angles.

Next, we consider the case of arbitrary distance but still with small Coulomb interaction
strength as defined at the beginning of this section. Considering H? defined in Eq. (2.19)
we obtain v B A2

z
Jeﬁ _EZ o5 h(,uo (/\SO) G(ao/)\,ﬁ, q)), (241)

where

A
G(ao/A,0,P) = % [(cos® 0 cos® @ + sin® @) AEY,
+(cos® @sin® @ + cos® P)AEE]. (2.42)

The function G(ag/A, 0, ®) is plotted in Fig. 2 for different angles 6 and ®. As for the large
distance limit in Eq. (2.40), a similar but more complicated ferromagnetic-antiferromagnetic
crossover behavior occurs as a function of the field orientation. However, in this case this
behavior can also be induced by changing the distance between the dots ag (see Fig. 2.2).
Eq. (2.41) suggests that the condition 0 < 1 is too restrictive. Instead, the weaker
condition (A/ag)(N/ag)® < 1 is sufficient for the approximation to be valid. Fig. 2 shows a
breakdown of the dipolar approximation (i.e. of the ay® decay), occurring at a dot separation
aop/ A =~ 2 for perpendicular magnetic fields (f = 0), and also a cancellation of this interaction
for some given distance, which is around ag/A &~ 1.8. This shows that the sum of the two
clectrostatic energy differences AEE + AEY, has a non-monotonic behavior as a function of
the distance ag. Actually, only AEY is non-monotonic, whereas AEY, has a positive value
which decreases with ag, as can be seen from Fig. 2. If an in-plane magnetic field is applied
along y (® = 0) or z (& = 7/2) direction, we obtain a dependence only either on AEY,
or on AE%. Accordingly, G(ap/A\) will be larger in some parameter range as compared
with the case of perpendicular fields, see Fig. 2. At this point it is instructive to consider
numerical estimates for the coupling strength J.g. For this we consider GaAs quantum dots
for which we assume Ago ~ 107 m, m* = 0.067m., g = —0.44, k = 13, and also consider
Twg ~ 0.5 meV, Bz = 0.05 meV (B ~2T) and ag = 5- 107" m. These estimations lead to
a coupling strength J ~ 107! ¢V, which lead to a time dynamics of the order of 107% s. If
this time scale is longer than the decoherence times in GaAs quantum dots, the system will
be insensitive to the coherent dynamics induced by the coupling J.g. Shorter time scales are
obtained for materials with larger spin-orbit coupling such as InAs. The spin-orbit length
Aso in this material is comparable with a typical dot size of about 100 nm. Even though
our perturbative approach starts to get unreliable in this case, it still can provide a rough
estimate for the coupling strength. For InAs we have m* = 0.023m,, g = 14.8, k = 13,
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Figure 2.2: The function G occurring in Eq. (2.42) plotted as a function of the geometric distance
ap between the dot centers scaled by the dot radius A for different magnetic field orientations. The
dashed line represents the dipolar approximation of G for a perpendicular magnetic field (6 = 0)
which scales like a 3

Aso ~ 100nm, and we choose hwy ~ 1lmeV, Ez ~ 0.lmeV and ao/\ ~ 3. With those
values we obtain for the coupling J.g &~ 10~7eV, which corresponds to a switching time of
about ~ 50ns for a swap of the spin states of electron one and electron two. This time scale
for the spin dynamics is shorter than the expected spin decoherence time in such quantum
dots. Thus, this interaction mechanism provides a useful way for the dynamical control
of the spin-spin coupling. As discussed before, for an in-plane magnetic field the coupling
constant could even be higher, depending on the angle of the magnetic field with respect to
the inter-dot axis.

2.3.2 Elliptical dots with § < 1

We briefly generalize the previous results to elliptical dot shapes. This will also allow us to
study the one-dimensional limit and recover previous results obtained for one-dimensional
nanowires |[68]. We consider elliptical dots which are characterized by the frequencies wy,
and wy, corresponding to the z and y directions, respectively. In this case, Eq. (2.39) is
replaced by

Ho_ e?E2 (AE@ 5 5

y
o;+ AL 0102) , (2.43)

%2 2 4 2 7w 4 \27Y"y
m*=Ag0 \WorAT wa)\Q

where the electrostatic energies AESY become now

1 1—a?
AFE? = —/dr r , 2.44
= ) el )\/y2+(:c+ao/A1)2 (24)

1 1—y?
AFEY, = —/dr r , 2.45
kA pa )\/y2+($—l—ag/)\2)2 (245)
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with the charge density distribution function, expressed in relative coordinates,

2 2 2,2 2

For perpendicular magnetic fields and elliptical dots the lengths Ay o are given by [?]

(2.47)

where n = mymawiwow?/B?, w12 = VA + B/2,my 5 =2B/(C+w?+B), and mi, = miam*
with the explicit expressions for A, B, and C'

A= wh, +wh, + W, (2.48)
B = \/(wh, +w}, +w?)? — 4wf,ud,, (2.49)
C = wj, — wpy- (2.50)

Taking now also the limit of strongly elliptical dots, i.e. wo, > Wy, w., we see that this is
equivalent to keeping only one component of the spin interaction, namely the olo? part,
and that the orbital effect of the magnetic field drops out. The resulting Hamiltonian then
becomes N
_ CLZALRGE 4 4

Hs = Waxax—i-()((ng/woy) ) (251)
Considering now the large distance limit, ap > A, analogously to Eq. (2.37), our result
reduces formally to the one in Ref. [68], i.e.

2 92
E7 e

H,=—
*2, 4 2 3
KM*2 Wi, Aso g

o202+ O ((wor /woy)*). (2.52)

The above expression, Eq. (2.52), can be also obtained directly from Eq. (2.37) since within
the considered limit there is no orbital effect of the perpendicular magnetic field on the
spin-spin interaction. We note that in this limit the resulting spin-spin coupling takes the
form of an Ising interaction which, together with single qubit rotations, can be used [4] to
efficiently perform CNOT gate operations between two qubits. We finally note that in one
dimensions the Rashba interaction can be treated exactly, leading to a renormalization of
the g-factor [68], g — gexp (—A?/)\%,). This exact treatment is no longer possible in the 2D
case considered here, except for the special case [82] when ov = 4 and the problem becomes
effectively 1D [82].

2.3.3 Strong Coulomb coupling - § > 1

We turn now to the more involved case of strong Coulomb interaction strength, 6 > 1, which
cannot be treated perturbatively. However, some approximations are still possible and we
will explore two of them in the following section. The first approximation consists in reducing
the two electron system to two classical point-charge particles. The classical equilibrium
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Figure 2.3: a) The effective distance a as a function of the Coulomb interaction strength \/ap
for ap/A = 2. The full line represents the variational result from Eq. (2.57). The dashed line
corresponds to the one obtained from the classical equilibrium solution of Eq. (2.53). b) Effective
distance a/\ as a function of the geometrical one ag/\ for A/ap = 3. All distances are scaled with
the dot radius A\. The dotted line is ap/A which is shown for comparison.

condition will be obtained by minimizing the total potential energy of the two particles. By
doing this, the motion of the electrons will take place around the new equilibrium positions
obtained from the equation

a*(a — ag) = 2\*/ag, (2.53)

where aq is the initial geometric distance and a the effective distance between the electrons in
classical equilibrium. However, we are interested in the motion around the equilibrium posi-
tion, which means that for small deviations, we may substitute the full Coulomb interaction
with an effective one, remembering that r = r; — 7o,

e? e?

3(n, -r)? —r?). 2.54
/@|7‘+a0\_>2/£a3((n ry =) (2.54)

We note that the coordinates are measured now with respect to the new equilibrium po-
sition. Within this approximation, the relative Hamiltonian H, is replaced with the new,

renormalized one, H,
2
~ P 1 I 5,

H, = — + —mw?z® + = 2.
r=g- + 5 Mo + 5y (2.55)
with the definition w,, = b, ,wy and b, , given by the expressions

by = /1+4(Nap)(Ma)3, b, =+/1-2(Nap)(\a)3. (2.56)

We see that this approximation leads only to a renormalization of the orbital frequencies of
the relative Hamiltonian. We proceed now to develop a second alternative for treating the
Coulomb interaction, namely a variational method based on the same picture of classical
equilibrium. This consists in substituting the full Coulomb interaction term with the same
type of expression like in Eq. (2.53), but with the effective distance obtained from the
variational ansatz. For this we minimize the expectation value of the orbital Hamiltonian,
H,+ H¢, in the ground state of the effective relative Hamiltonian H,[Eq. (2.55)] with respect
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Figure 2.4: The logarithm of infidelity 1 —F from Eq. (2.62) as a function of the geometric distance
ag/A (scaled with the dot radius \) for two different values of Coulomb interaction strength \/ap.

to the effective distance a. This leads to the following equation
o ~ ~
%Womr + Helo) =0, (2.57)

where |QZO> is the ground state belonging to H,., i.c. fl,,|1zo) = EOWV()), with E, the ground
state energy. Since we are dealing with harmonic oscillators, those wave functions are known.
However, Eq. (2.57) for the effective distance a can be solved only numerically. We plot in
Fig. 3 the results obtained for the effective distance a as a function of different parameters
in both cases, namely the variational result from Eq. (2.57) and also the result obtained
from the classical equilibrium condition in Eq. (2.53). We see in Fig. 3 that there is very
good agreement between the two approaches in a wide parameter range and moreover, that
the effective distance within the variational approach is larger then the one obtained from
classical equilibrium, that means a lower ground state energy. We note that a perpendicular
magnetic field practically does not change the curves in Fig. 3 (not shown) on a large range
of magnetic field strengths (0 < w. < 3wy), which means that the effective distance is to a
very good approximation independent of the applied magnetic field. In order to verify the
accuracy of our variational method, we checked also the numerical fidelity, defined as the
overlap of the wave functions in the variational case with the exact (almost, in the sense of
perturbation theory) wave function. Although the problem contains no small parameter, we
can still define small matrix elements compared with level spacing in a numerical sense. For
this we write the full relative Hamiltonian in the following way

H,=H,+V, (2.58)

with the effective Coulomb interaction V' (see Eq. (2.54)) expressed now also in terms of the
new equilibrium coordinates (introduced after Eq. (2.54)),

62 62 62 T

v _ S(nu - 1)? — 1%) + L. 2.59
klr + al 2/<aa3( (Mo - ) 7,)—i_mﬂ (2:59)

We show now that this term leads to small matrix elements so that indeed [Vp,| < \E’n -
Ey|, where the energies E, and E; are the n-eigenvalue and ground-state energy of the
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Hamiltonian f—v[r, respectively. To see this numerically we introduce the fidelity

F = [twoldn)] (2.60)

where |1o) and |1hy) are the ground state wave functions of the full Hamiltonian H, and H,,
respectively. We now estimate the fidelity F' by using perturbation theory to find the true
ground-state wave function |¢y) from the effective one |1)

o) = +Z ‘W'g“ B+ 2.61)
- Lo

where we retain only terms to first order in V. Taking into account Eq. (2.61) we obtain
the infidelity, 1 — F, namely the deviation of the true ground state wave function from the

effective one
~F= Z

We plot in Fig. 4 the infidelity 1—F as a functlon of the effective distance a for fixed Coulomb
strength, \/ag. We see that the infidelity takes very small values (1 — F < 107%) on the
considered range, for two different Coulomb strengths, which shows that our variational
approach is very accurate.

We can now evaluate the spin-spin interaction within this approximation. Since we are
now dealing with harmonic potentials only, the problem of finding J;; from Eq. (2.16)
becomes straightforward. However, in the derivation of the spin Hamiltonian we need again
some relations, similar to Eq. (2.22) and Eq. (2.23), but for the present case with the
harmonic oscillator renormalized. These relations read

@Dn!VWo

0

(2.62)

L1X = —m (PX + “fw) , (2.63)
Lltw = _Fmiwg (px + %y) , (2.64)
Lty =— hﬂiwg (py _ &5 m)

Making use of the relations Eq. (2.63) and Eq. (2.64), and also with the effective spin-
orbit interaction expressed in the center-of-mass and relative coordinates, see Eq. (2.9), the
spin-Hamiltonian H, takes the form

E% 1 1 2
for the case of a perpendicular magnetic field and
EZ (0052 o sin?d >
H, = 4 + — 1) olo?, (2.66)
m2wiAs, b2 b2 vy
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&\

Figure 2.5: The function I from Eq. (2.68) as a function of the dimensionless geometric distance
ap/A. a) The case of perpendicular magnetic (f = 0) field for three different Coulomb strength
parameters A/ap. b) The case of in-plane magnetic field (0 = 7/2), for two values of the Coulomb
strength \/ap, for three angles between the inter-dot distance vector ay and the magnetic field.
The groups of lines 1, 2, and 3 correspond to ® = 0, & = 7/4, and ® = /2, respectively.
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for the case of an in-plane magnetic field which makes an angle ® with the inter-dot distance
direction. The g is along the in-plane direction perpendicular to the in-plane magnetic
field. We see that the spin Hamiltonian depends on the Coulomb interaction part via the
difference between the inverse of the renormalized frequencies w,, and the bare one wy. As
expected, when there is no renormalizations of the bare frequencies (no Coulomb interaction)
the interaction vanishes. Referring again to the effective spin Hamiltonian H from Eq.
(2.19), we obtain for the coupling J.g for arbitrary magnetic field orientations

f— —_— —_— a a .
; Zth )\SO 0/ B ’

where

1
I(ag/ M, ap/N) = (6_2 - 1) (cos® fsin® ® + cos® )

1
+ (% - 1) (cos® 6 cos® @ + sin® P) . (2.68)

One can see from Fig. 5b that for in-plane magnetic fields one obtains quite large values
for I in the two limiting cases ® = 0 and ® = 7/2. Changing the magnetic field orientation
in-plane one can tune the coupling strength J.g from negative to positive values, ¢.e. from
ferromagnetic to antiferromagnetic regime, and make it vanish for the angle (for in-plane
magnetic field)

® = arcsin (by\/(l —b2) /(82 — bg)>. (2.69)

In the case of a perpendicular magnetic field, cf. Fig. ba, we see that the coupling shows a
non-monotonic behavior as a function of distance ag, and, moreover, J g vanishes for some
given distance, which for A/ap = 5 is about ag/A ~ 2.5. This could be used to tune J.z on
and off by changing the distance between the dots.

Next, we consider the case of very elliptic dots, with the bare oscillator frequencies wo, o,
corresponding to the z and y directions, respectively, such that wy, < wp,. The spin-spin
coupling becomes in this limiting case

EZ 1
H, = W%ZO@% <@ - 1) cos® ® 0,02 + O ((woz/woy)?) (2.70)
where both perpendicular (& = 0) and in-plane magnetic fields are contained. We see that
the problem becomes effectively 1D with an Ising-type spin-spin coupling, similar to the case
of small Coulomb coupling studied in the previous section. We mention that for finite ratio
of the two bare frequencies, wg,/woy,, the interaction can be varied by changing this ratio,
the angle of cancellation defined in Eq. (2.69) varying as well.

The behavior displayed in Fig. 5 can be understood as follows. The spin-spin coupling
is directly related to the deformation of the charge distributions in the two dots as a con-
sequence of the strong Coulomb interaction (6 > 1). Thus, the stronger the deformation
is, the stronger the spin-spin coupling becomes. Or, in our case, the stronger the devia-
tion of the renormalized orbital frequencies w,, from the bare one wy is, the stronger the
coupling becomes, see Egs. (2.65) and (2.66). While the z component of the spin-spin
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coupling is bounded because the inverse of w, tends to zero as the Coulomb interaction
strength 0 increases, the y component of this coupling is unbounded since the inverse of w,
can grow indefinitely. Consequently, the y component will dominate the x component for
large Coulomb strength and small inter-dot distance ag. However, the situation is reversed in
the large distance limit, since w, increases faster than w, decreases as seen from Eq. (2.56).
These opposite limits lead to the non-monotonic behavior depicted in Fig. 5a (perpendicular
magnetic field).

We mention that the large distance limit of Eq.(2.67) converges to the large distance
result obtained in the previous section, Eq. (2.39). However, it does not converge to the
results of the previous section in the case of small distance [Eq.(2.41)], when going from
d > 1tod < 1, a crossover description (§ ~ 1) being needed in this situation. Phrased
differently, tuning the spin-spin coupling J.4 from strong (6 > 1) to small (6 < 1) Coulomb
interaction regime by varying the inter-dot distance reproduces the corresponding ¢ < 1
result in Eq. (2.39), while by varying the ratio A/ap does not reproduce the corresponding
d < 1 limit, i.e. Eq. (2.41).

Let us give now some estimates for the coupling J.z when an in-plane magnetic field is
applied along, say, the z-direction. Assuming now GaAs quantum dots, and E7 = 0.1 meV
(B=4T), hwy = 0.5 meV (N ap =~ 5), \/Aso ~ 107!, Using these numbers and taking
for the geometric inter-dot distance ag/\ &~ 2, we obtain J.; ~ 1077 eV. It is worth
mentioning that the hyperfine interaction between the electron and the collection of nuclei
in a quantum dot (= 10°) leads to similar energy scales [83,84]. This shows that the
spin-spin coupling derived here can be very relevant for the spin dynamics in the case of
electrostatically coupled quantum dots and that it can also compete with other types of
interactions. Considering now the case of InAs quantum dots in a magnetic field along the
x direction, with Ago ~ 2\ &~ 100nm and E;/hwy = 0.1 and taking also ag/\ =~ 2, a value
of Jeg = 107%V it is obtained. However, this is just a rough estimate since the spin-orbit
coupling cannot be treated as a perturbation anymore and our approximation, being pushed
to the limit of its range of validity, starts to break down.

2.4 Measurement Scheme

In this section we propose a measurement scheme for the spin-spin interaction Jeg. Similar
to the spin relaxation experiments in Ref. [10], the left dot is monitored by a sensitive charge
detector, such as a quantum point contact (QPC) or a single electron transistor (SET). We
show the main steps of the scheme in Fig. 2.4.

The first step is the initialization step shown in Fig. 2.4(a). At low temperatures, T <
Ey, a single-electron dot will relax to the ground state after a time larger than the spin
relaxation time 77 ~ (0.1 — 100) ms. A faster spin relaxation can be induced by cotunneling
with the lead, for which the dot can be placed closer to the Fermi surface for some time.
In Fig. 2.4(a), the left dot is initialized in the lower Zeeman sublevel | 1), whereas the right
dot is empty. Next, the right-dot energy is lowered below the Fermi energy and the dot is
quickly filled with an electron in either upper or lower Zeeman sublevel. This is a sequential
tunneling process and we denote its rate by I'. In Fig. 2.4(b), both dots are deep below the
Fermi surface and Jg is the energy scale that governs a coherent evolution in the subspace
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{1, 1) }. The two spin density matrix reads

oft) = 3| T |+ OO, (271)

where |¥(¢)) is the wave function that describes the occurrence of the state | 1)) in the ini-
tialization step. In the ideal case, |¥(t)) evolves coherently due to the spin-spin interaction,
Eq. (2.19)

W(1)) = cos(@Tgrt/B)] 11) — isin(Agt /)] 7). (2.72)

Here, we neglect the cotunneling and other spin relaxation processes. In particular, the
cotunneling rate I'?/U. should be much smaller than the spin-spin coupling J.z. Here,
U is the addition/extraction energy of the single-electron quantum dot in the Coulomb
blockade valley. On the other hand the sequential tunneling rate I" should be large enough,
so that the spins have no time to evolve during the initialization and measurement steps.
We summarize the required regime by the inequality

2

r
— <K Jeﬁ < I (2.73)
Us

After a waiting time 7, the probability of the left-dot electron to be in the upper Zeeman
sublevel reads,

Pr(r) = i [1 — cos(8J.47/R)]. (2.74)

Form the period of this function (1) = 7wh/4.J.5) one can extract the value of the coupling
constant Jg.

The measurement of the probability Pr (1) can be performed in the same fashion as
in Ref. [10]. After the waiting time 7, the left dot is brought up to the Fermi level and
placed such that the electron can tunnel into the lead only from the upper Zeeman sublevel.
This configuration is shown in Fig. 2.4(c). Tunneling of the electron out and refilling the
quantum dot with an electron of the opposite spin is monitored by the charge detector close
to the left dot (not shown). For each value of the waiting time 7, the cycle of initialization,
coherent evolution, and measurement has to be repeated many times in order to reach a
good accuracy.

Next, we remark that the hyperfine interaction with the lattice nuclei should not impede
the measurement of J 4 as long as 4.J.4 = A/ VN, where A is the atomic hyperfine coupling
constant and N is the number of nuclei in both quantum dots. Note that the ratio of Jeg
to A/v/N for a constant \/a scales with the dot lateral size as oc A*, for strong Coulomb
interaction, and as oc A% for weak Coulomb interaction. Therefore, the regime 4.5 >
A/ VN can be easily achieved by taking a larger quantum dot. Furthermore, the hyperfine
interaction with the nuclei has only the effect of reducing the visibility of oscillations of
Pry(t), and even for A/v/N > J.z a small part of Pp (1) shows oscillatory behavior with
unchanged period, 79 = 7wh/4.J.4.

In Fig. 2.4, we plot the probability Py (7) averaged over the realizations of the hyperfine
field. We choose A/ VN > 4J.5 to show that the measurement scheme is robust against the
hyperfine field. The oscillations are well visible even when A/ V/N is several times larger than
4J.g. The averaged probability Ppy(7) is obtained in the following way. For the subspace
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Figure 2.6: Scheme to measure the coupling constant J.g in quantum dots without tunnel coupling.
In the initialization step (a), the left dot is at equilibrium with one electron in the lower Zeeman
sublevel and the right dot is empty. At the start of the coherent evolution step (b), the right dot
is filled with one electron in either upper or lower Zeeman level during a short time h/I' < h/Jg,
and the dots are deep in the Coulomb blockade valley, I'? /U, < Jefr. Further, the two spins evolve
coherently due to the spin-spin interaction J.g during a fixed time 7 2 i/ Jqg. In the read-out step
(c), the left dot is brought up to the Fermi surface, so that the electron can tunnel to the lead only
if it is in the upper Zeeman sublevel. The latter event is recorded by a charge detector nearby the
left dot.
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Figure 2.7: Residual oscillations in the averaged probability Py, (7) for values of A/v/N that exceed
the spin-spin interaction strength 4.J.5. The period of oscillations is not affected by the hyperfine
interaction and is given by 79 = mwh/4J.y. With increasing the hyperfine strength A/ VN, the
amplitude of oscillations decreases as o< vVN/A. As a function of the waiting time 7, the envelope
of oscillations decays as o< 1/4/7.

{1 11),] IN} and in the limit E; > A/+/N, the coupling of spins to the hyperfine field is
given by Hyp,, = $6h.(0f — 03), where the hyperfine field 6k, has a Gaussian distribution

with zero average and a variance o = A/ V/N, which we take to be a measurable parameter
that defines N2. For more detail on the derivation of Hgj,, we refer the reader to Ref. [85].
For our description to be accurate, the time between subsequent cycles of initialization,
coherent evolution, and measurement should be larger than the nuclear spin relaxation time.
Considering the sum of Hy,, and H in Eq. (2.19), we find that the probability Pr () for

a fixed value of dh, is given by [86]
1 — cos (2771*1, /1625 + 5h§>
: (2.75)

P pu—
1(7) 4 (1+0h2/167%,)

The averaged probability Pr(7) is then computed by integrating Eq. (2.75) over dh, with

the Gaussian weight factor P,(0h,) = #ge*‘mg/%a where 0 = A/V/N.

Considering A/V'N > 4J5 and 7 > wh/4.J.5, we find that the visibility of oscillations
scales with A/v/N and 7 as follows

JgVN | h

. 2.76

YT TJefr (276)

Note that the scaling law v oc v/N/A is weaker than what one might expect naively from
Eq. (2.75), after substituting there dh, by its typical value A/v/N, which gives v oc N/AZ2.
The reason for the weaker scaling law is the fact that dh, is centered around zero and
the denominator in Eq. (2.75) has nearly no effect. We find that the numerical results in

2More rigorously, o = I A/+/2Ny, where I? = (I?) is the variance of the z-component of a single nuclear
spin (assuming (I,) = 0) and 1/Noy = vy [ d®r|¢(r)|?, with ¢(r) being the electron wave function and vg the
unit cell volume per nuclear spin.
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Fig. 2.4 can be reproduced fairly accurately, if we approximate the argument of the cosine
in Eq. (2.75) as follows

oh?
J16J%, + 602 ~ Ady | 1 T 2.
6.2 + oh2 Jﬁ<+32J3ﬁ+ ) (2.77)

This approximation is justified in the regime 7 > 7 by the the minimal phase requirement,
despite the fact that dh,/J.4 may be large. With Eq. (2.77), it is easy to average Pp,(7) and
obtain an approximate expression, which is fairly accurate for 7 = 75 and asymptotically
exact in the limit 7 > 79. We thus obtain

Pri(r) = 7 1p— n(r)], (278)

Ccos[2nT /70 + po(T)]
op(t) = , 2.80
PO =" 20

where ¢ = 4J4 VN /A, erfc(C) is the complementary error function, and the running phase
shift ¢o(7) is given by

wo(T) = %arctan (%) : (2.81)

We note that Eq. (2.78) is exact in two limiting cases: ¢ > 1 and 7 > 79. In particular, in
the limit ( — oo, we recover Pp (7) in Eq. (2.75) for all values of 7. In the opposite limit,
¢ < 1, Egs. (2.78)—(2.81) can be significantly simplified, yielding

Poy(r) % Ng - \/2;17 cos (277 /70 + w/4)} | (2.82)

2.5 Discussions and conclusions

In the entire derivation we assumed no tunneling between the dots. Even in the presence
of tunneling, when direct Coulomb repulsion, Uy (which is just the classical interaction
between two charge distributions) is larger than the exchange interaction, Je,. (Uia > Jeue),
the theory presented here is expected to remain still valid. The reason is that this type
of spin-spin coupling is a direct consequence of the deformation of the electronic charge
distribution due to Coulomb repulsion between the two electrons. Since this is given by the
sum of the direct Coulomb part U9, and the exchange part J.,., the spin coupling J.5 will be
insensitive to exchange in the limit U > J.,.. The point now is that with finite tunneling,
even with the assumption that the coupling strength J.z is not modified by the exchange
Coulomb interaction, the resulting Heisenberg exchange coupling Jee (Heze = JezeS1 - S2)
will start to compete with the electrostatically induced spin interaction. As a consequence,
the spin coupling J.g will be washed out in the limit Je,. > Jz. However, since the
Heisenberg exchange coupling decays with the inter-dot distance like [69] Jez. ~ exp(—2a?)
while Jeg ~ ay 3 the electrostatic spin coupling will start to dominate at not very large
distances.
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We recall that when having exchange, another type of spin coupling, J5¢, induced by

spin-orbit interaction comes into play, and which is proportional to the Heisenberg coupling
Jewe, €. J39 oc (0.1 — 0.01) ]y, for typical GaAs dots [69, 72-76]. Thus, J59 can be
much larger than J.g for large enough Heisenberg coupling, with a crossover from this
exchange-type to the direct Coulomb-type coupling taking place at some inter-dot distance.
This crossover, however, occurs before we get Je,. ~ Jeg, since J99 is typically 100 times
smaller than J,,.. To give an estimate, we assume J,. ~ 107°eV for ag = 1, which gives
Jeze & 3.5 -1078eV for ag = 2, implying that J,,. < Jefr-

Another important issue is the effect of screening induced by the surrounding electrons
in the 2DEG and the metallic gates. As is well-known, the screening effect between two
charges becomes important for distances exceeding the screening length Ay ~ Apermi (Fermi
liquids). However, the screening of bare Coulomb interaction depends strongly on the di-
mensionality. In 3D the effect of screening is to induce an exponential decay of the bare
Coulomb interaction [87], with the decay parameter A.., while in 2D the decay follows a
power law (~ 772 in the large distance limit ) [88-91], with A, being the relevant length
scale. For GaAs, the screening length is around A, ~ Apermi = 50 nm. Moreover, additional
screening is introduced by the electrodes to gate the dots, due to their metallic character.
The finite screening implies then that our theory in fact overestimates the strength of the
clectrostatically induced spin coupling J.4 for distances exceeding this screening length and
the results obtained here become just an upper bound on J.4 for this limit.

Being highly controllable, the coupling J.z could be used to perform two qubit gates
for the realization of quantum computers with electron spins, like proposed in Ref. [4|. The
switching times range between rather slow (~ 10 us in GaAs) and reasonably fast (~ 50 ns in
InAs). When making use of the standard exchange coupling [4] for switching (with typical
switching times of 100 ps in GaAs) the electrostatically induced spin-coupling found here
can lead to gate errors. However, this effect can be controlled by choosing the magnetic field
direction or strength and/or the inter-dot distance such that J.g becomes negligibly small
(see Eq. (2.68)).

Here we assume perfect harmonic confinement potentials only. In reality the dot potential
is not harmonic, although quantum dots with potentials close harmonic have been reported.
Our spin-spin interaction by no means relies on the harmonicity of the quantum dot potential.
We have used the harmonic confinement potential in our model to give analytical expressions
which can be used to estimate the magnitude of the effect for realistic structures. We believe
that deviations of the confinement from harmonic will lead to corrections to our results, but
will not change (i) the a3 scaling at large distances (a > ) and (ii) the magnitude of the
coupling constant.

Finally, an important question is how orbital fluctuations (for example of the confining
energy hwg) or in the interdot distance, measured by variation in the electrostatic energy
e?/kag = E,) mediated via spin-orbit coupling lead to fluctuations in the coupling J.z and
thus eventually to spin decoherence. The relation between the orbital dephasing time (which
is assumed to be known) and the decoherence induced by the spin coupling J.g reads [85]

2 , (2.83)

r_gN’ 5.5

? ‘weﬁ
0 (huwo)

5Eel
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where 77 is the orbital dephasing time and 7J the corresponding spin decoherence time.
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Assuming an orbital dephasing time 77 ~ 1ns and also the limiting case of touching dots with
the same GaAs parameters as before we obtain a spin decoherence time (lower bound) 75 ~
1073s. We mention that these two channels, i.e. fluctuations in the size and in the distance
between the dots are the most dominant ones for dephasing through J.5. We can conclude
then that the incoherent part due to this type of coupling is negligible compared with other
types of decoherence mechanisms, e.g. induced by the hyperfine interaction [83-85].

To conclude, we have derived an effective spin-spin interaction between two electrons
localized in two quantum dots, spatially separated, induced by the direct Coulomb inter-
action and mediated by the spin-orbit coupling. This interaction was found to have the
form of an anisotropic XY interaction and to be proportional to the Zeeman energy. The
spin-spin coupling was studied both in the weak and strong Coulomb interaction limits and
for different magnetic field orientations and strengths. The important features are the non-
monotonic behavior of this spin interaction for some magnetic field orientations, together
with a vanishing of this interaction for particular inter-dot distances. This effect can be used
to manipulate the spin-spin interaction in electrostatically coupled quantum dots by tuning
the inter-dot distance. We proposed a measurement setup which allows one to access this
spin-spin coupling experimentally.



Chapter 3

Spin dynamics in InAs-nanowire
quantum-dots coupled to a transmission
line

We study theoretically electron spins in nanowire quantum dots placed inside a transmis-
sion line resonator. Because of the spin-orbit interaction, the spins couple to the electric
component of the resonator electromagnetic field and enable coherent manipulation, storage,
and read-out of quantum information in an all-electrical fashion. Coupling between distant
quantum-dot spins, in one and the same or different nanowires, can be efficiently performed
via the resonator mode either in real time or through virtual processes. For the latter case
we derive an effective spin-entangling interaction and suggest means to turn it on and off.
We consider both transverse and longitudinal types of nanowire quantum-dots and compare
their manipulation timescales against the spin relaxation times. For this, we evaluate the
rates for spin relaxation induced by the nanowire vibrations (phonons) and show that, as a
result of phonon confinement in the nanowire, this rate is a strongly varying function of the
spin operation frequency and thus can be drastically reduced compared to lateral quantum
dots in GaAs. Our scheme is a step forward to the formation of hybrid structures where
qubits of different nature can be integrated in a single device.

3.1 Introduction

Although lateral QDs have been most successfully used until now to demonstrate spin coher-
ence and usability for quantum computing, [2,57| novel quantum systems have emerged in
recent years, providing a number of new ways to implement the basic ideas of quantum com-
puting. [92] Among such systems are the QDs formed inside semiconductor nanowires. [93,94]

The use of different semiconductors, other than GaAs, has since long been pursuit with
the goal to create nanostructures with novel properties. Particular examples are InAs and
InP nanowires, where both gate defined and "barrier’ defined QDs could be fabricated. [95-98]
The advantage of these materials is that both optical and transport measurements can be
carried out on the same type of structure. The number of electrons can equally well be
controlled down to one electron per dot, [96] which shows that QDs created in nanowires
can serve as alternative candidates for spin-qubits.

33
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Figure 3.1: Schematics of the two configurations considered in this work. A) Large-diameter InAs
nanowire (pink-gray cylinder) positioned inside and parallel to the transmission line (blue-gray).
The disk-shaped quantum dots (QD) are located in the nanowire and are formed by two InP-
boundaries (brown-dark-gray). Each QD contains only one electron with spin 1/2 (green-arrows).
B) Two small-diameter InAs nanowires (pink-gray) positioned perpendicularly to the transmission
line (blue-gray). The elongated QDs are oriented along the nanowire with one electron in each dot.
The QD confinement can be achieved by barrier materials (as shown in brown-dark-gray) or by
external gates (not shown).
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One particular difference between GaAs and InAs semiconductors is the strength of the
spin-orbit interaction (SOI), which is much larger for the latter material. This fact, however,
is a double-edge sword; on one hand it opens up the possibility to efficiently manipulate the
electron spin with electric fields only, [?,62,99-101] while on the other hand it implies
stronger coupling of the spin to charge environments, like phonons, particle-hole excitations,
gate voltage fluctuation, etc. However, due to the quasi-1D structure of the nanowires, the
spin relaxation times due to phonons and SOI turn out to be longer than one might expect
from QDs created in InAs bulk material. Indeed, the time scales obtained in this work are
on the order of microseconds to milliseconds for sufficiently large Zeeman splittings. At the
same time, the relaxation rate exhibits peaks as a function of a static applied magnetic field
due to the quantization of the phonon spectrum. The long relaxation time and the presence
of a sizable SOI permits then an efficient control of coherent spin states by making use of
EDSR. [?,62,99,100,102]

One of the main ingredients in the spin-qubit scheme [4] is the electrical control of
two-qubit gates to generate entanglement. While the original proposal involved only local
interactions between neighboring spins, it is desirable to couple spins directly over large
distances, since this produces a better threshold for fault tolerant quantum computation.
[103]| A solution to this problem was first proposed in Ref. [104] and involves optical cavities
whose photon modes mediate interaction between distant spins. The coupling of the spin to
optical cavities in semiconductors was also the subject of some recent experiments. [105,106]

Very recently, 1D electromagnetic cavities (or transmission lines) were shown to be very
suitable for reaching the strong coupling regime between superconducting qubits and pho-
tons. [107-109] Theoretical extension to QDs were proposed subsequently, including charge
and spin qubits. [110,111] The direct coupling of the spin to the cavity modes via the mag-
netic dipole transitions is usually weak and one has to use electric dipole transitions together
with correlations between spin and charge degrees of freedom in order to obtain a sizable
effective coupling. This can be achieved in several ways, e.g. by making use of the Pauli
exclusion principle and Coulomb repulsion, [111] or of Raman transitions. [110]

In this section we propose another mechanism to achieve long-distance coupling between
spins inside a cavity, namely via SOI which leads to an effective coupling of spin to the electric
field component of the cavity photon, and thus eventually to a coupling between distant spins
mediated by this photon. In order to reach a sizable coupling strength, it is desirable to use
nanostructures with large SOI such as InAs QDs. Two such proposed configurations, which
define the two model systems to be studied in this chapter, are sketched in Figs. 3.1 A and B.
They consist of nanowire QDs embedded in a transmission line. In particular, in Fig. 3.1A
a nanowire positioned parallel to the transmission line axis is shown. In this case, the QDs
are realized by confining the electrons in the longitudinal direction (i.e. along the nanowire
axis) much stronger than in the transverse one. This corresponds to a nanowire with a large
diameter, on the order of 80 — 100 nm. Such longitudinal confinement can be achieved by
applying metallic gates or by using other materials as barriers (InP for example, which is
depicted in Fig. 3.1 in brown) which have a larger band gap than the host material such as
e.g. InAs. [94,96] In Fig 3.1B a small-diameter (D < 40 nm) InAs nanowire is shown, being
positioned perpendicularly to the transmission line and containing QDs that are elongated
along the nanowire. That means that in this case we assume that the electronic confinement
along the nanowire is much weaker than in the transverse direction. Then, to a very good
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approximation, the electrons can be considered as behaving one-dimensionally, which will
allow us to treat the SOI exactly, while this is not possible for the configuration Fig. 3.1A.
However, in order to prevent a current flow, the nanowire and the transmission line need
to be separated by some insulating coating material, obtained, for example, by atomic layer
deposition.

The goal of this work is now to analyze these configurations in detail and, in the first
part, to derive an effective spin-spin coupling Hamiltonian. In the second part, we study
the spin decay in this system, induced by phonons and SOI, and calculate explicitly the
spin relaxation and decoherence times due to this mechanism. We will show that these
times are much longer than the switching times needed to manipulate and couple the spins
coherently. Thus, our findings provide theoretical evidence that nanowire QDs embedded
into transmission lines are promising candidates for spin-qubits with tunable long-range
coupling. This scheme also opens the door to hybrid configurations where qubits of different
nature (e.g. superconducting and spin qubits) can be coupled via the transmission line.

3.2 Model Hamiltonian

The Hamiltonian of the system composed of the single-electron QD and the cavity reads

p2

2m*2

H = +V(r)+%guBB-a'—}—HSOjLHB_,Y—l—HV, (3.1)
where the first two terms represent the bare orbital part of the Hamiltonian, m* is the
effective mass of the electron, g is the g-factor of the electron in the material, and V(r) is
the confinement potential, both in the longitudinal and transverse directions. We can obtain
an effective Hamiltonian H,.z by averaging over the ground-state |0) in the longitudinal or
in the transverse directions depending on which case in Fig. 3.1 is considered. Then, for the
system in Fig. 3.1A(B) we obtain an effective 2D (1D) Hamiltonian.

The third term stands for the Zeeman interaction, while the fourth term in Eq. (4.1)
represents the SOI. For wurtzite InAs nanowires grown along the c-axis, with the longitudinal
confinement much stronger than the transverse one (see Fig. 3.1A) the SOI takes the form
of a Rashba type, [93] Hso = Hi, = a(p X ¢)-o, with ¢ being the unit-vector corresponding
to the direction of the c-axis of the crystal. This expression when written in components,
becomes

Hio = a(p.o, — pyos). (3.2)
We mention that our present study is quite general and can be easily adapted to other types
of SOIs (such as Dresselhaus type). In the opposite case, when the transverse confinement

is much stronger than the longitudinal one (see Fig. 3.1B), the SOI Hamiltonian Hgo takes
the form Hgo = Hi, = (k- ¢)(n - o) which, when written in components, becomes

Ho = npaoy, (3.3)

with n = (1, n,,7.) being a vector of coupling constants and o,, being the spin component
along n. 93|
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The fifth term represents the interaction between the photons in the cavity, labeled ~,
and the electron in the QD. This term is given by

H._,=¢eE(2)-r. (3.4)

The electric field E(z) acting on the electron is E(z) = e, V(z)/d, with e, being the unit
vector along z, V(z) represents the fluctuating potential within the transmission line and d is

the distance between the transmission line and the center conductor. The voltage fluctuation
V(z) has the following form [108]:

V(z) = 2 V, sin (%) la, + af], (3.5)

where V,, = \/hw,/Le, af(a,) are the creation (annihilation) operators for the excita-
tions(photons), ¢ the capacitance per unit length, L the legth of the resonator, and w, the
eigenmodes of the resonator. The last term in the Hamiltonian represents the free photons
H,y=3, hwyala,.

From Eq. (4.1) we see that there exists an infinite number of frequencies in the trans-
mission line, implying a coupling of the electron charge to an infinite number of modes.
However, from all these modes, the relevant ones are those close to resonance with the Zee-
man splitting of the spin. In the following we disregard all other modes from the problem
and we assume also that the QD is in the center of the transmission line, so that the inter-
action between the electron charge and the photons becomes maximal. Having now defined
all the ingredients, we can proceed to study the dynamics of the system.

3.3 General Spin-photon dynamics

3.3.1 Spin-photon interaction

In the following we derive an effective spin-photon Hamiltonian, assuming for both cases in
Fig. 3.1 a SOI of arbitrary strength (to be restricted later on). In the case of time-reversal
symmetry, the ground state of the dot (Hy = Hy + Hso + Hz) is two-fold degenerate
(Kramers doublet), while this degeneracy is lifted in the presence of a magnetic field. If
the magnetic field is such that the doublet splitting and also the electron-photon coupling
strength are smaller than the level spacing of the QD, we can restrict our considerations to
the dynamics of the lowest doublet only. We label this doublet by {| 1), | )}, which is now
different from the ’true’ electron spin. In the absence of SOI interaction the ’true’ electron
spin will not couple to electric fields by any means, while in the presence of SOI the lowest
Kramers doublet will contain orbital part to some amount, allowing coupling to electric fields
(quantum or classical). Of course, the amount of orbital part contained will depend on the
strength of the SOI compared, for example, to the bare orbital level spacing in the QD. It
is of major importance to quantify the amount of orbital degrees of freedom contained in
this Kramers doublet by taking as a reference the Kramers doublet free of SOI, i.e. the
lowest bare spin state (being the direct product of orbital state and spin state). Assuming
for simplicity that the free-of-SOI Hamiltonian has no degenerate levels (beside the Kramers
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doublets), we could, in principle, obtain the states in the presence SOI (arbitrarily strong)
from the ones in the absence of SOI by switching adiabatically the SOI, i.e. a continuous
mapping of states.

Assuming the above mentioned adiabatic switching of SOI, we can connect formally the
states in the presence of the SOI to the ones in the absence of the SOI with the help of a
unitary transformation or Schrieffer-Wolff (SW) transformation

[ne) = e|n)lo), (3.6)

where the states |n) are the eigenstates of the Hamiltonian Hy (Ho|n) = E°|n)), |n,) are
the Kramers doublets with SOI, |o) = | 1,]) are the bare spin states, and S = —ST. Also,
the relation Hy|n,) = E}"|n,;) holds from our definition of the transformed state. For
notational convenience we denote the lowest Kramers doublet as |0,). This is written simply
as |0,) = |7), with the identification |7) = {| 1),| {)}. The above transformation can be
performed on the level of the Hamiltonian, implying diagonalization of the Hamiltonian Hy
in the basis of the 'bare’ Hamiltonian H

H=eHe". (3.7)

The advantage of transforming the Hamiltonian H; so that it becomes diagonal in the basis
of the bare Hamiltonian Hj is now obvious. Within this transformation one can in principle
proceed to calculate the effect of SOI to arbitrary order in perturbation theory, together
with the SOI induced spin-photon coupling. We can now derive an effective spin-photon
Hamiltonian within the lowest doublet |7) by averaging H over the orbital ground state |0).
This leaves us with the following effective spin-photon Hamiltonian H,_ ., = (0|H|0) given
by

1
Hy, = §g,uBBeﬁcaz + M, -o(a’ +a)+ hwa'a, (3.8)
where
1
§g,uBBeﬁc0z = (0|e™* Hqe®|0) (3.9)

stands for the renormalized magnetic field,
Vi
M, o= %<0|e—5y65|o>. (3.10)

stands for the spin-photon coupling. Above we made also the substitutions w; = w and
al = a' (a; = a). We mention that in order to have a finite coupling of the spin o to the
photons, the vector M., must contain some time-reversal breaking parameter, such as the
external magnetic field B. In the absence of the magnetic field there is no coupling between

the lowest doublet and the photons (M., = 0) to all orders in SOI.
We now define the spin-photon coupling strength v = \/ (M2)? 4 (M5)? and the detun-

ing of the qubit from the cavity by A = Egﬁ — hw, where Egﬁ = gupB.y. Close to the
resonance between the qubit and the cavity mode (A < FE ;ﬁ , hw) one can simplify Eq. (3.8)
by using the so called rotating wave approximation (RWA). [112] This implies to switch first
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to the interaction picture, so that the operators a(a') and o+, where o = 0, F io, become
time-dependent

oe(t) = o5(0)eFeH (3.11)

a(t) = a(0)e ™! (3.12)

o.(t) = 0.(0). (3.13)

where wZ Eeﬁ /h. Then, we neglect the terms in the time-dependent resulting Hamil-
tonian which oscﬂlate fast on the time scale i#/A. This means neglecting counter-rotating

eff o eff . . .
terms such as afo, ~ €Wz t9)t o ~ ez Ot afo. ~ e and ao, ~ e ™!, which

average to zero for large times. Within this approximation the Hamiltonian in Eq. (3.8)
within the interaction picture becomes static and of the form

1
HY = §guBBeﬁcaZ +v(ad'o_ 4o a)+ hwa'a. (3.14)

5=y

As expected, the above expression agrees with the Jaynes-Cummings Hamiltonian. [113]

3.3.2 Effective spin-spin interaction

We now investigate the case of two (QDs in the cavity in the limit of finite detunings A 5.

The Hamiltonian H s( )7 corresponding to the two spins in the cavity can be found by just

extending Eq. (3.14) to two spins
1 . .
Hs(%@ = Z <2gl,uBBeﬁa + vi(alo? + 01&)) + hwa'a. (3.15)
i=1,2

For v;/A; < 1(i = 1,2), the spin-photon interaction can be treated within the second order
perturbation theory in ;. We use again the SW transformation, similar to the previous
section. Here, this implies finding an operator 7" so that

72 _ T2 T
H” =e¢ H e (3.16)

is diagonal in the basis of the spin-photon Hamiltonian without spin-photon interaction
(the Hamiltonian H, 2 ) with vy 5 = 0). Within first order in spin-photon couplings v, 5, the
transformation operator T reads

T = Z”Z iq—alol), (3.17)

under the assumption that the condition v;/A; < 1,1 = 1,2, is satisfied for both dots. The
transformed Hamiltonian H -, becomes

ITI(2) (hw—l— 2v7 ol 1 2v; J2) ata

s— Al 0, AQ
¥ (Eeﬁ ) b+ (B + ) o2
+u11 ( ) (oo +o%al), (3.18)
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where Efg = gu BBzﬁ. We can obtain a pure spin Hamiltonian by neglecting the fluctuations
of the photon number a'a — (a'a) = i, with 71 the average number of photons in the lowest
cavity mode. The resulting Hamiltonian H, = H s@vhﬂa _.n reads

H, = ELo! + E20 + J(olo® +a%ol), (3.19)
where
i eff — 1 yZ.Q .
EZ:EiZ —|—2 TL+§ Ki, 1 = 1,2, (320)
1 1
J = — 4+ — . 3.21
1202 (A1 + A2> ( )

In Bq. (3.20) we see that the effective Zeeman splitting E% is quite different from the bare
one, F;; = g;upB. Besides the SOI renormalization of the Zeeman splitting, there is also
a contribution from the spin-photon coupling, which consists of the Lamb shift (the term
independent of the average photon number 72) and the ac Stark shift (the term proportional
to the average photon number 7).

The expression Eq. (3.19) is one of our main results: in the presence of SOI and cavity
modes one can achieve an effective spin-spin coupling with the exchange coupling J between
two spins that are spatially well-separated. Indeed, this interaction can act over the entire
length of the cavity, which can be as large as a few millimeters. Also, the spin-spin interaction
is of XY-type (transverse spin-spin coupling), which together with single spin rotations have
been shown to be universal for quantum computing. [104,114] We mention that in order to
obtain a maximal effect, one should be able to tune the two qubits into resonance, so that
EL = E%. [104]

3.4 Strong longitudinal confinement

So far we have taken the SOI into account exactly, regardless of the system under consid-
eration, but under the assumption that the lowest Kramers doublet is well separated from
the higher states compared to Zeeman energy and electron-photon coupling. We analyze
here the spin-photon coupling for the case shown in Fig. 3.1A. As stated in Section II, in
this case we can derive an effective transverse Hamiltonian H.p = H; = (0;|H|0;), where
|0;) stands for the ground-state wave-function in the longitudinal direction z. The effective
Hamiltonian H; reads

Pt

H
! 2m*

+V(z,y)+ Hz+ Hio + Hey + H,, (3.22)
with V(z,y) = (0;|V(r)]0;), while all the other terms stay the same since they do not act
in the z-direction. In the above expression we disregarded the term (0;|(p?/2m*)|0;), as it
gives a constant shift of the levels.

We can start in principle to derive the spin-photon interaction from the effective Hamil-
tonian H; by making use of the transformation (3.6). However, this cannot be done exactly
and we have to proceed in perturbation theory. In order to give some numerical estimates
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for the strength of the coupling v, we assume the limit of weak SOI, quantified by the con-
dition R/Aso < 1, with R being the dot (wire) radius and A\go = hA/m*« the spin-orbit
length. [64,101,115] Then, we can treat the SOI within perturbation theory. We assume in
the following hard-wall boundary conditions for the electrons confined in the QDs, namely
circular hard-wall boundaries in the transverse direction. In the longitudinal direction the
electron is also confined by a hard-wall type of potential, but much stronger than in the
transverse direction, as stated before. We compute the operator S from Eq. (3.6) within
the first order in SOI, S = (Lo + Lz) 'Hso, which gives explicitly

S~it-o—Ez;L ' (bx§)-a, (3.23)

in the limit of £y << AFE, with AFy = E; — Ej being the energy difference between the
first excited state |1) and the ground state |0). In the above formulas the Liouvilleans Ly »
are defined as Lo zA = [Ho z, A] VA and & = A\g)5(—y, 7,0), b = B/B. We can obtain an
effective Hamiltonian up to second-order in SOI and first order in Zeeman splitting for the
lowest Kramers doublet by averaging over the orbital ground state |0},

1
Hy—y = ZgusB -0+ (0[S, Hsol|0) + (0[S, He—,]|0)

O[S, [, HeosJI0) + H, (3.24)

The orbital wave-functions have the form (for circular hard-wall boundary conditions)
1 e'me
ﬁR J\m\+1 (k‘mpR)

where Jj,|(kmpr) are the Bessel functions of the first kind, r is the electron radial coordinate
in the transverse direction, and k,,, are the solutions of the equation Jj,(km,R) = 0. The
appropriate energies are given by Ei,, = thfnp /2m*. Also, we assume that the magnetic field
B and the fluctuating electric field E are both along the x direction, such that H._, = eE x
and S = i€ -0 — (Ez/\so) Ly wo.. After performing the integrations, we are left with the
following effective Hamiltonian

Ymp(T) Tl (KnpT), (3.25)

1 . .
H, ., = gEzﬁaz + M:(a' + a)o, + H,, (3.26)
with
R 2
EY ~E,[1-025 (—) : (3.27)
Aso

EZ R
AFEy Aso
We see that there is no second order contribution in SOI to the spin-photon interaction, this
contribution vanishes identically for cylindrical wires in the ground state. We mention that
within the RWA the Jaynes-Cummings coupling v becomes v = M.

In the case of two spins present in the cavity, one obtains the same expression as in Eq.

(3.19), where 145 is given by Eq. (3.28). Since our coupling is proportional to the bare

ME ~0.25¢E R (3.28)
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Zeeman splitting Ez, we need large magnetic fields in order to obtain a sizable coupling.
Then, we can in principle neglect the Lamb and the ac Stark shifts in the expressions for
Elz, since they give negligible renormalizations, so that Ei ~ E; g However, as can be seen
from Eq. (3.27), the Zeeman splitting can be strongly reduced for large SOI. This feature
will turn out to be very important in order to have a long-lived qubit (see below).

3.5 Strong transverse confinement

In this section we analyze the case shown in Fig. 3.1B, i.e. when the transverse confinement
in the y—z plane is much stronger than the longitudinal one along . As in the previous case,
we can derive an effective longitudinal Hamiltonian by averaging the full Hamiltonian H over
the transverse orbital ground-state |0;). The effective Hamiltonian H .y = H;, = (0;|H|0;)

reads )

% +V(x)+ Hy + Hy + Hoy + H,, (3.29)
with V(x) = (0,/V (7)|0;), while all other terms remain the same, since they have no action
along the z-direction. Again, like in the previous case, we disregard the term (04(p; +
p?)/2m*|0,), since it gives a constant shift of the levels.

We now derive the spin-photon interaction from the effective Hamiltonian (3.29). As can
be seen from Eq. (3.3), the SOI contains only one spin-component, o, along the n-direction.
In this case and in the absence of an external magnetic field the SW transformation (3.6) can
be performed exactly, since the SOI appears as an Abelian gauge-potential. [68,116] In the
presence of an external magnetic field, however, this cannot be done exactly anymore. We
now apply the transformation (3.6) to the Hamiltonian H; so that we obtain H;, = e™9He?,

with the operator S corresponding to the zero-field case. This operator S reads

H, =

S=—i—" 0, (3.30)
Aso

with Ago = h/m*n. The effect of this transformation can be evaluated exactly and we obtain

2
H, = % +V(zx)+ Hz(x) + eEx + hwa'a, (3.31)
m

with

1 2 2
Hy(z) = §g,u3<cos (é) B, - o0 + B,o, —sin (%) (e, x B) - 0'>,

where B, is the component of the magnetic field B perpendicular to the vector n, B, is
the magnetic field component along 1, and e,, = /7. We now assume, as before, that the
Zeeman splitting £, = gup B is much smaller than the orbital level spacing A Fy given by the
first two term in the above Hamiltonian. Also, we assume harmonic confinement potential
along the z-direction V (x) = m*wixz?/2 which gives a dot size | = y/h/m*wy. This is usually
the case for gate-defined QDs. Then, the above condition translates in having F,; < hwy.
We are now in position to derive an effective spin-photon Hamiltonian by treating Hz(x)
within perturbation theory. We perform a new SW transformation and transform the above
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Hamiltonian into a diagonal one in the basis of Hy to obtain H, ., = (0le= He%'|0). We
averaged also over the orbital ground state |0) to obtain a pure spin-photon Hamiltonian.
Within lowest order in E,/hwy the transformation is given by S = (1 — P)Ly Hz(x).
After inserting the operator S’ in the expression for H,_., and keeping only the lowest order
corrections, we obtain

1
H, ., = §g,uBBeﬁ o+ M, -o(al +a)+ hwad'a, (3.32)
with
By -0 =e Ws0’B. | .o+ Byo,, (3.33)
[ | E
M, o= 6%3@%6_(”“0)2(8” xb)-o. (3.34)

We see that the spin-photon interaction is maximal when the magnetic field is perpendicular
to m, like in the perturbative calculation of the previous section. This is expected since, as
in the previous section, the SOI manifest itself as an Abelian gauge potential within lowest
order, although there are two spin-components. From now on, we assume a magnetic field
perpendicular to i so that B,y =0, B - 0, = Bo; and (e, x b) -0 = 0,1 p = 0z. Then,
the spin-photon Hamiltonian reads

1
Hy = QEgﬁUz + M, oz(a’ + a) + hwa'a, (3.35)
with ;
I | E
M, = eV —%, 3.36
LA "d Aso hw (3.36)

where Egﬁ — Eze~(/2s0)* is the effective Zeeman splitting,

We see that the SOI reduces strongly the Zeeman splitting for large values of the ratio
[/Aso. This over-screening of the Zeeman interaction can be understood as follows. After
performing the transformation (3.30) there is no SOI present in the system, but the magnetic
field in the new ’frame’ has an oscillatory behavior, as shown in Eq. (3.32). This means that
the magnetic field precesses around the z-direction, the speed of precession being given by
the strength of the SOI measured through the SO length Ago. If the bare Zeeman splitting
E7 is much smaller that the orbital level spacing, F; < hwg, the electron find itself in the
orbital ground state |0) given by Hy. Then, if the SOI strength is increased, the precession
frequency increases also, so that there are many precessions of the magnetic field over small
distances. Since this implies also small changes of the orbital wave-function, this leads to an
average reduction of the effective Zeeman splitting, as obtained above.

3.6 Numerical Estimates

We give now some estimates for the coupling v = MZ for QDs in InAs nanowires for
both geometries shown in Fig. 3.1. In the first case, we assume the dots to have a width
of 5 — 10nm (F, =~ 10meV-the transverse confining energy) and a radius R &~ 50nm
(AEy =~ 5meV). The electron in the QD is characterized by m* = 0.023m,, g ~ 2.5 and
Aso ~ 100nm. [93] We assume also that the 1D cavity is 2 mm long and 100nm wide,
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¢~ 2-107'9C/V -m [108] which implies for the fundamental mode fiw ~ 0.5 meV and an
rms electric field £ = V;/d ~ 100 V/m. The Zeeman splitting is assumed to be on the same
order with the lowest cavity mode, i.e. Egﬁ ~ 0.5meV (B =~ 1.75T). Plugging in all the
numbers in the formula for v, Eq. (3.28) we obtain v ~ 107° meV which, in the degenerate
case Egﬁ = hw, corresponds to a dynamics of the spin-photon system of about 60ns (Rabi
oscillations between the spin and the cavity). In the second case there is more control on
the orbital level spacing since the dots are obtained in principle by external gating. We now
assume a dot radius R ~ 10nm (Ey; ~ 30meV), a dot length [ ~ 40nm (hwy ~ 2meV) and
g ~ 10. [94] For B ~ 0.5meV we need a magnetic field B ~ 0.45T. Also, we assume the
same lengths for the cavity as for the first case so that we obtain v ~ 4-10~* meV. This gives
rise to a dynamics of the spin-photon system of about 2 ns in the degenerate limit Egﬁ = hw.
We mention that in both cases the renormalized Zeeman splitting is quite different from the
bare one, i.e. Bl =0.93E in the first case and E5 = 0.84E in the second case.

For the exchange coupling J between two spins one can achieve values as large as J ~
107%meV in the limit of quite small detunings (A ~ 10~*meV) for the case in Fig. 3.1A,
which eventually translates into a time dynamics of about 500 ns for coherently swapping
the two spins. In the geometry shown in Fig. 3.1B the exchange coupling J can be much
larger, on the order of J ~ 4-10~° meV for detunigs on the order of A ~ 4-1073 meV, which
implies a time dynamics of about 20 ns for swapping the two spins coherently.

In order to control the exchange coupling J, one should be able in principle to change
the Zeeman splitting or the orbital level spacing. In InAs QDs the Zeeman splitting can be
changed very efficiently by changing the dot size along the wire direction, [94] in both cases
in Fig. 3.1 Considering the case of two (QDs in the cavity, one way to decouple them is by
tuning the g-factors so that A; = —A,, as can be seen from Eq. (3.18). However, in the
case of many QDs inside the cavity this will be rather difficult to achieve.

Another possibility is to change the g-factors locally so that the coupling between the
spins reduces due to the reduction of the Zeeman splitting £,. Assuming that a reduction of
J by one order of magnitude is a good measure for the decoupling, one obtains a correspond-
ing change in the g-factor of the order of 15% in the first geometry shown in Fig. (3.1). The
rather drastic change of g-factor was already experimentally demonstrated for InAs QDs by
Bjork et al. [94]. They achieved a change in the g-factor from |g| = 3.5 to |g| = 2.3 when
the dot size along the nanowire was reduced from 10nm to 8nm, i.e. a variation of about
30%, which shows to be sufficient for our scheme in the geometry shown in Fig. 3.1. The
same can be done efficiently for the second geometry, since the dots being gate-defined can
be modified strongly along the wire axis.

Yet another way to change the exchange coupling J is by changing the orbital confining
energy AFEy. In the first geometry v ~ RY, and J ~ v? (assuming two equal spin-photon
couplings for simplicity) one obtains a dependence J ~ RS. Then, by using top gates,
for example, one can strongly modify the exchange coupling J by a small change of the
orbital energy AFEy. This can be done equally, and maybe more efficiently, for the second
geometry since, as explained above, the dots can be modified easily along the wire axis. The
spin-photon coupling v ~ [*, which implies then a scaling of the exchange coupling J ~ (5.
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3.7 Coherent manipulation

One way to coherently manipulate and to read-out (measurement) the qubits is by applying
an external driving field to the cavity with a varying frequency H,, = e(t)(afe et 4 qeiwest),
where €(t) is the amplitude. In the dispersive limit (v;/A; < 1) Hep — Hep + [T, Hex| s0O
that

H,, ~ e(t)aTe_i“’e‘”t + Z

et )
Vi€ll) ot pmiveat | e (3.37)
i=1,2 1

A

The control of the i-th qubit can now be realized by tuning the frequency of the driving field
10 Wep = Efg + v2/A;, while this condition is not satisfied for the other qubits. This gives
rise to an electric-dipole spin resonance (EDSR) for the i-th qubit, similar to that studied
by Golovach et al. [?] The measurement can be performed by tuning the frequency of the
driving close to the cavity mode so that we can observe peaks in transmission at the positions
hw + Y. (V2 /A;)ot. If detunings are chosen so that all combinations can be distinguished,
one can measure all the spins from one shot (or at least group of spins). [108§|

A more efficient way to manipulate the spin is to make use of the EDSR-scheme proposed
in Ref. [?], namely to apply an alternating electric field £(¢) to the QD, which, via the
electric dipole transitions and the SOI, gives rise to an effective alternating magnetic field.
Briefly, if only the dipolar coupling to the alternating electric field £(¢) is considered, we
get Ho_o(t) = e£(t)y, with the electric field £(t) along y-direction. If the system in Fig.
3.1A is considered, the effective spin-electric field coupling within first order in SOI becomes
Hy o = (0|[S, He—e()]|0) = 6B(t)o,, with the fluctuating magnetic field 6 B(¢) having the
form
EZ R

(3.38)

For the case shown in Fig. 3.1B we obtain a similar expression for d B(t), but with the bare
Zeeman splitting E; substituted with the effective Zeeman splitting E;ﬁ defined after Eq.
(3.36), and the radius R substituted with the dot length I. The electric field £(¢) is assumed
to have an oscillatory behavior, £(t) = & coswgt with w,. being the frequency of the ac
electric field. By tuning the frequency of the oscillatory electric field w,. in resonance with
the qubit splitting Egﬁ one can achieve arbitrary rotations of the spin on the Bloch sphere
on time scales given by the Rabi frequency wr = dB(0)/h. [?] We mention that within
lowest order in SOI the induced fluctuating magnetic field § B(t) is always perpendicular
to the applied field B and reaches the maximum when the applied electric field €(t) points
into the same direction as B. |?| This is the reason for choosing the electric field along the
y-direction.

We give here also some estimates for the Rabi frequency wg. For this we assume the same
parameters as in the previous section and we choose for the amplitude of the electric field & ~
10eV /em. With this values we obtain for the strength of the Rabi frequency wg ~ 10 GHz,
which gives a time dynamics for the electron spin control on the order of w}_zl ~ 0.1ns. This
time scale must be much shorter than the usual relaxation and decoherence times for the
spin in the QD. Finding the relaxation and decoherence time scales is the subject of the next
section.
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3.8 Spin relaxation and decoherence

We address now the issue of relaxation and decoherence of the spin in the cavity. There
are two types of contributions to the relaxation processes, one arising from the finite decay
rate of the cavity, x, and the other one from the intrinsic relaxation and decoherence of the
spin, labeled by T1_721. To reach the strong coupling regime described here, the losses must be
smaller than the coupling between the qubits J in the regime of interest (12/A > 5, T1,).
Very high-Q factor 1D electromagnetic cavities were already built (Q = £~ ~ 10* — 10°),
[107] so that the intrinsic relaxation and decoherence of the qubit show up as the limiting
factors for reaching the strong coupling regime.

The relaxation and decoherence of the spin-qubit arise mainly from the coupling to the
bath of phonons and the collection of nuclei in the QD. The phonon contribution was studied
microscopically in great detail for the case of gate-defined GaAs QDs in 2DEGs and it was
shown that for large B-fields, similar to the present case, the main contribution to relaxation
comes from the deformation potential phonons with a decay time T} ~ 1072 — 10™%s. [64]
As a consequence, a smaller relaxation time is then expected for InAs QDs since the SOI is
one order of magnitude larger than in GaAs (T} &< (Aso/R)?). However, different from the
bulk case, the phonon spectrum in nanowires becomes highly non-trivial due to the mixing
of the branches by the boundaries, [117]| leading to a strong modification of the relaxation
time.

In cylindrical nanowires there are three types of acoustic modes: torsional, dilatational
and flexural. [118] All these modes couple to the electric charge and, in principle, all of them
couple also to the spin for a general SOI Hamiltonian. However, as shown later, this is not
actually the case for the SOI acting in the two configurations in Fig. 3.1, and only a small
part of the entire spectrum gives rise to spin relaxation.

As stated above, within the large Zeeman splitting limit considered in this chapter,
we can take into account only the interaction of the electron with the lattice via the de-
formation potential. The electron-phonon deformation potential interaction is given by
H._pn, = Z0Vu(r,t), where Zj is the deformation potential strength and

w(r ) = LN S [, 7)be(t) + hec, (3.39)

with the displacement field u(k,r) given by [117,118]
u(k,r) =Vos+ (V xe,)P; +(V XV xe,)b,. (3.40)

The index k = {¢,n, s} quantify the relevant quantum numbers, i.e. the wave-vector along
the wire, the winding number and the radial number, respectively, bg(t) is the annihilation
operator for phonons, e, is the unit vector along the z direction and

O; = X, f,(r)e"re), (3.41)

with 7 = 0,1,2, n = 0,41,4+2.... The functions f7 (r) depend only on the radius [117,
119] and y; are normalization factors. The effective spin-phonon interaction can be found
following the same procedure as that used for deriving the spin-photon interaction for both
cases in Fig.3.1.
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3.8.1 Spin-relaxation in longitudinal confined QDs

We give here the main steps in the derivation of the relaxation rate for the case shown in
Fig. 3.1A. Keeping only terms up to first order in SOI, we obtain

H, = (0118, Hopr]|0). (3.42)

with S given in Eq. (3.23) and |0) being the orbital ground-state. Due to the circular
symmetry, the first order in SOI term couples only to the n = 1 phonons. The resulting
spin-phonon coupling has the form

1
Hs pn = EgﬂBéBy(t)Uw (3.43)
with
5B, (t K by, + . A
y() AEO)\SOZ\/]: pcqu/h + h.c., (3 )
drrJy(kir)Jo(kior) f1(r)
Clq.s) ~ 0.25 =, 3.45
(g 5) /0 | J2(F11)J1(Fro)| (3:45)

where K, ; = w,s/c; with w, s being the eigen-modes of the phonon field, ¢; the longitudinal
speed of sound in InAs. The normalization function F(q, s) is given by

hR?
F(a.8) = e Mor (3.46)
where M is the mass of the ions in a unit cell.

The explicit forms for the w, ; and F(w,, s) depend on the boundary conditions used for the
phonon field. The two quantities relevant for the boundary conditions are the displacement
vector u(r) and the stress vector t(r) = Te, at r = R, with T" being the stress tensor [118]
and e, being the unit vector along . One can now write u(r) = Ux and t(r) = Tx with
X = (Xo0, X1, X2), where the expressions for the matrices & and T are given in Appendix
B. There are two limiting cases for the boundaries. The first case is met when there is
zero stress at the surface, i.e. t(R) = 0, [118] with w, s being the solutions of |T(R)| = 0
(free surface boundary conditions or FSBC), while the second limiting case is met when the
surface is rigid, i.e. w(R) = 0, with w, s being the solutions of |[U/(R)| = 0 (clamped surface
boundary conditions or CSBC). The phonon field is normalized according to the following
relation [120]

1 2T R h
— d drru*(k -u(k = .
| o [ dr ) utkono) = 5

From the FSBC or CSBC, together with the normalization of the phonon field, one obtains
the spectrum w, s and the normalization function F(q, s).

We now use the effective spin-phonon Hamiltonian with the fluctuating field given in
Eq. (3.43) to find the spin relaxation and decoherence times, T} and T3, respectively. We
mention here that the fluctuating magnetic field §B,(t) is perpendicular to the external one
B such that there is no pure dephasing coming from the interaction of the spin with phonons
in lowest order in SOL. In fact, as shown previously, |64] this is valid for any type of baths,
be it phonons, particle-hole excitations etc.

(3.47)
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Figure 3.2: The relaxation rate T, ! as a function of the ratio w%ﬁR/cl, for both FSCB and CSBC

(see text for explanations of FSBC and CSBC). Here hic;/R ~ 0.6 - 107*eV (¢; ~ 4 -103m/s and
R ~ 50nm) corresponding to a magnetic field B ~ 0.2T, for g = 2.5.

In the following we derive the expressions of the T} and 75 times resulting from the
fluctuating field B, (t). For this we need to compute the bath correlator

Ty (w) = (?—75)2 /0 " gt < §B,(0)5B, (1) >, (3.48)

where the brackets < ... > means tracing over the phonon bath being at thermal equilibrium
at temperature T. The relaxation time within the Bloch-Redfield approach is given in the
present particular case (the B-field along z-direction) by (see Ref. [64,65])

= Re(Jyy(wgﬁ) + Jyy(_wgﬁ))7 (3.49)
with wi = B /h. Making use of Eq. (3.48) we then finally obtain for the relaxation rate

eff ’ 2
_ 1 (W R dq | C(g,5
Tl = T(0)11 (Zc—l> E < M) e (3.50)

Owg s

F(q,s)

where

o 0%h (Z \ [ R

pip moas T () (R o)
In the above expression § = EZ/Egﬁ, and the functions C(q, s) and F (g, s) are defined in Egs.
(3.45,3.46). We mention that within first order in SOI the decoherence time 75 induced by
phonons satisfies T, = 277 since, as mentioned before, the fluctuating magnetic field induced
by phonons d B is perpendicular to the applied one B. In Fig. 3.8.1 we plot the relaxation
time as a function of the ratio w R/¢;, for R = 50nm and ¢; = 4-10° m/s. We see that the
relaxation rate exhibits peaks as a function of the effective Zeeman splitting E;ﬁ . This is due
to the finite size in the transverse direction which gives rise to phonon branches. Each new
peak appears when Egﬁ reaches a new energetically higher branch. Note that although the
relaxation rate seems to diverge when reaching a new peak, in reality this does not happen
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since there are many processes which broaden the phonon DOS at these special points, like
phonon-phonon scattering, phonon-substrate scattering, etc. The usual branch splitting is
on the order of wﬁl = ¢;/ R, which stands for the phonon frequency in bulk material with the
wave-length equal to the dot size R. This frequency wﬁh (or energy, when expressed as hwﬁb)
is the parameter which characterizes the dominant mechanism for the phonon-induced spin
relaxation, which can be due to piezoelectric-potential or deformation-potential phonons. In

the limit w;ﬁ < wf;l the piezo-phonons give the main contribution to the relaxation rate

Ty ', while in the opposite case, wgﬁ > wfh, the main contribution to the relaxation rate 77 *
is given by deformation-potential phonons. [64] Here we are in neither of the two limits, but
in the range where Zeeman splitting is slightly larger than hw, i.e. wd > wh,. However,
taking into account only the deformation potential mechanism should give the right order
of magnitude for the relaxation rate. We mention here that the relaxation rate 77 ' in the
low energy limit (wgﬁ R/c¢; < 1) is given predominantly by the longitudinal linear in ¢ mode
(wiong (q) = c1q) and the bending mode, square in ¢ (Wpena(q) = Bq?, with B being a constant
which depends on R). [118]

We see from Fig. 3.8.1 that each new phonon branch gives a strong enhancement of the
relaxation rate T, ', since it adds more phonon density of states. However, we see also that
before the first peak, i.e. before reaching the first new branch, there is little spin relaxation
(Ty > 1073s) for both FSBC and CSBC. This energy scale corresponds to a Zeeman splitting
EF ~104eV(ELY ~1.2-10%eV) for FSBC (CSBQ).

If one tunes the effective Zeeman splitting E;ﬁ below the first peak, the relaxation rate
of the qubit becomes very small, and the fact that Egﬁ and not E; has to be tuned is
practically an advantage for reasonably strong SOI since we need quite large £ for having
large g o< Ez. In the present case Egﬁ/EZ ~ 0.93, and for larger SOI this ratio will be even
smaller.

3.8.2 Spin relaxation in transverse confined QDs

We give here a brief description of the phonon-induced spin relaxation for the case shown in
Fig. 3.1B. We first mention that due to the strong confinement in the transverse direction
we can average the electron-phonon interaction over the transverse orbital ground state |0;).
Since for the ground state wave function we have m = 0 (see Eq. (3.25)), the only modes
which couple to the electron, and thus eventually to the spin, are the n = 0 modes of the
phonon field in Eq. (3.39). Then, the problem of relaxation simplifies considerably.

The transformation H._,, — ¢ ®H,_,,e°, with S given in Eq. (3.30), although exact,
does not lead to a coupling of the spin to the phonon field since both the electron-phonon
interaction Hamiltonian H._,, and S contain only coordinate = operator, i.e. they com-
mute. After this transformation, however, we are left with no SOI term, but with the
z-dependent Zeeman coupling in Eq. (3.32). We now perform a second transformation
He_pp, — e*S/He_pheS/ with S’ given before Eq. (3.32), under the assumption E; < huwy.
Then, within first order in Ey/hwy we obtain for the spin-phonon Hamiltonian H,_,, the
following expression

HS—Ph = <O|[S/7 He—ph]|0>7 (352)

where we averaged also over the ground-state |0) of the orbital Hamiltonian Hy. The spin-
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phonon Hamiltonian H,_, reads

1 1
Hs—ph = §gﬂB(SBj(t)0-i + Eg[LB(SBg(t)O'g, (353)

with
M2, (q)

sph

6B :(t) = B,
#(0) ﬁhwoz V2F(q, 5)pewq,s/h

K2bl +hee., (3.54)

and k = {q¢, s}. The functions M “on are given by the following expressions

l2
M?_,,(g) = SinhInt (—q) (3.55)
Aso
12 12
M7, (q) =~ — CoshInt o4 + Log o4 , (3.56)
v Aso Aso

where 7 = 0.577 is the Euler constant, Log(x) is the natural logarithm, while the special
functions SinhInt(z) and Coshlnt(z) are defined as

SinhInt(z) = / dtsmltl ®) (3.57)
0
CoshInt(x) = v+ Log(z) + / dt%. (3.58)
0

We see that, there is both relaxation and pure dephasing of the spin due to spin-phonon
interaction. However, since the deformation-potential phonons is superohmic (even in 1D
case for deformation-potential phonons), the pure dephasing rate vanishes [121] so that we
retain in the following only the first term in Eq. (3.53). The relaxation rate 7, ' can be
found by the same procedure as in the previous case and reads

T = Re(Ju(wf) + Jaa(—wf)), (3.59)

where the correlation function J;; is defined in Eq. (3.48) with y — Z, and wgﬁ = Egﬁ /h,
as before. The expression for the relaxation rate 7, ' becomes

AN dg | M2 ,4(q)
T =T [ q | Zeeh , 3.60
1 (0)1 ( a ; @qus ]_—<q’ S) " ( )
where
I =\’

Tioh = 3.61
O 27 p, R213 (hwo) ( )

and . ~
gfph(q) = ‘:fph(Q)eiq : /8' (362>
In order to find now the dependence of the relaxation rate 7, on the effective Zeeman

splitting wgﬁ , we have to find first the phonon eigen-frequencies w,,. This can be done

following the same steps as in the previous section, depending which kind of boundary
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Figure 3.3: The relaxation rate 7! as a function of the ratio wgﬁ l/cs for three different ratios
[/Aso and with FSBC (see text).

conditions are used, i.e. FSBC or CSBC. As mentioned earlier, the average distance between
the branches s is on the order of wfh = ¢;/R. Then, since R < [, and also due to the gaussian
suppression in Eq. (3.62), it is enough to consider in Eq. (3.60) only the lower branch s = 1.
If we now assume FSBC and the limit ¢R < 1, the phonon eigen-frequency becomes linear
in g, i.e. wy,1 = w(q) = csq, with [118]

3c? — e}
Cs =¢C 3.63
t Clz - C% ( )
The normalization function xq acquires also a simple form in this limit, and reads
2
c R h
L (3.64)

After inserting in Eq. (3.60) the expressions for w(g) and xo, we obtain for the relaxation
rate T, ' (FSBC) the final expression

Ty c? 2o\
U UL Z2) M2 (wd /ey, 3.65

In Fig. 3.8.2 we plot the relaxation rate T; ' as a function of the dimensionless parameter
w1/, for different SOI strengths measured through the ratio [/ Ago. We assumed here R =
10nm and [ = 50 nm, which gives he,/l = hwl, = 0.05meV and he/R = hwli = 0.25meV.
We see in Fig. 3.8.2 that the relaxation rate T, ' is quite large (7;' ~ 10° — 107s7!)
for wgﬁ /w]ljh ~ 1 — 5, i.e. when these energies are comparable. However, there is need

for a large effective Zeeman splitting E;ﬁ > hw}loh to achieve a large spin-photon coupling
M.,. At the same time, one should stay still below the next phonon branch since above it
we find a substantial increase for the relaxation rate. Since this next phonon branch lies
somewhere around Qhwfh ~ 0.5meV, the condition for efficient spin-phonon coupling and
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weak relaxation becomes h/vuéh < E;ﬁ < 2hwﬁb. In this regime we are actually satisfying
also the necessary condition that F/hwy < 1, since for [ = 50 nm we have hwy = 1.3 meV.
We mention that for CSBC the phonon spectrum is gapped, and, in consequence, there
is no phonon-induced relaxation of the spin for Zeeman splittings Egﬂ smaller than this
gap Ay, This energy (gap) is on the order of Ay, ~ Zhwﬁl = 0.5meV. Note the non-
monotonic behavior of the relaxation rate as a function of the effective Zeeman splitting (see
Fig. 3.8.2). This non-monotonicity has the same origin as in GaAs QDs, [64] and comes
from the fact that for increasing Zeeman splitting the wave-length of the phonon decreases,
and when this becomes less than the dot length the phonons decouple from the electron (i.e.
the electron-phonon coupling averages to zero). A similar non-monotonic effect has been
recently observed in GaAs double QDs. [122]

3.8.3 Decoherence due to hyperfine interaction

The spin decoherence time due to single-phonon processes is given by 75 = 277 so that the
main source for decoherence comes from the hyperfine interaction between the electron and
the surrounding nuclei. This time scale, T3, is given by [83,84]

N
Ty = 2%_, (3.66)

where N is the number of nuclei in the sample and A is the hyperfine constant. The number
of nuclei N can be found as

1 3 4
§ = [ e (3.67)

where vy is the unit cell volume per nuclear spin and ¢(7) is the wave function of the electron
in the QDs. We see that the larger the number of nuclei, i.e. the bigger the dot, the longer
is the pure decoherence time Ty for the electron. In a typical GaAs QDs (R = 30nm and
[ =5nm, Agaas = 90peV, N ~ 10°) this time scale is on the order of Ty ~ 107 %s. |83, 84]
In InAs material the hyperfine constant Ar,4s ~ 300 peV [123], i.e. more than three times
larger than in GaAs. However, the number of nuclei found from Eq. (3.67) is on the order
N ~ 106 for both geometries so that the dephasing time T ~ 4-107?s. However, again like
in GaAs, we expect that coherently driving the qubit will prolong the T time up to 1075
and with echo up to 107°s. [13] Moreover, like in GaAs QDs, one can make use of state
narrowing procedures, [86,124]| which should lead to a further substantial enhancement of
Ty due to nuclear spins, and possibly reach the SOI induced limit of 107! — 107 s calculated
above for large magnetic field strengths.

3.9 Conclusions

We have proposed and studied an efficient way to implement spin qubits localized in InAs
nanowires coupled to a 1D electromagnetic transmission line (cavity) via SOI. We have an-
alyzed two experimentally achievable configurations of the system. In the first case the elec-
tronic confinement is much stronger along the nanowire axis than in the transverse direction
(large-radius nanowires), while the other case corresponds to the opposite limit (small-radius
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nanowires). We have found an efficient coupling between the spin and the cavity modes due
to strong vacuum fluctuations in the cavity and a sizable SOI in InAs. We also have shown
that this spin-photon coupling can allow for coupling between two (or several) distant spins,
depending on the detuning of the Zeeman splittings Efg from the cavity mode Aw. The
SOl-induced exchange coupling J between two spins can be controlled by electrical fields
only, e.g. by changing the g-factor and/or orbital level spacing. Also, single-spin rotations
can be performed efficiently by electric fields only, through the EDSR mechanism. Exploit-
ing a stronger SOI in InAs nanowires than typically in GaAs structures might seemingly
compromise the use of spin for quantum memory, because the orbital environment couples
also stronger to the spin. However, we have studied the relaxation of the spin due to the
lattice vibrations in the InAs nanowires for both configurations, and shown that the time
scale for the spin-decay is on the order of milliseconds for relatively strong magnetic fields
(B ~ 0.5 —1T), much larger than the times associated with the spin-photon dynamics,
which takes place on times scales on the order of 107® — 10~7s. This fact is due to the
quasi 1D structure of the system where the phonon spectrum shows discrete branches, very
different from the bulk limit.

We stress here also that the coupling of the quantized modes of the transmission line to
the spin degree of freedom via SOI is not restricted to QDs in semiconductor nanostructures.
In principle, this coupling should be possible in other spin-orbit coupled systems too, like
nitrogen-vacancy centers (NV-centers), [125, 126] molecular magnets, [127-129] magnetic
nanorings, [130] etc. In these systems there is usually a large zero-field splitting (ZFS)
of the lowest spin-multiplet attributed to SOI or to dipole-dipole interaction. This would
allow for an efficient coupling of the electric fields, quantum or classical, to the spin degree of
freedom and finally providing a mechanism for an all-electrical implementation of spin-based
quantum information processing.

As a final remark, we mention that the present scheme can be also used to form hybrid
structures where spin-qubits are integrated together with other types of qubits in the same
1D transmission line. For example, one can envision a setup where a spin-qubit is coupled
via the cavity modes to superconducting qubit as the one studied in Ref. [108] so that one
can transfer arbitrary states between the two qubit-systems.






Chapter 4

Relaxation of hole spins in quantum dots
via two-phonon processes

We investigate theoretically spin relaxation in heavy hole quantum dots in low external
magnetic fields. We demonstrate that two-phonon processes and spin-orbit interaction are
experimentally relevant and provide an explanation for the recently observed saturation
of the spin relaxation rate in heavy hole quantum dots with vanishing magnetic fields.
We propose further experiments to identify the relevant spin relaxation mechanisms in low
magnetic fields.

4.1 Introduction

In the past years, a new candidate for a qubit state has been attracting growing interest: the
spin of a heavy hole (HH) confined in a flat QD. In a bulk semiconductor the HH (J, = +3/2)
and light hole (LH) (J, = 4+1/2) bands are degenerate giving rise to strong mixing and thus
to strong HH-spin relaxation. However, in a 2D system the HH and LH bands are split due
to the strong confinement along the growth direction [18| implying a significant reduction of
the HH spin relaxation via HH-LH mixing.

A basic requirement for a good qubit is that it can be initialized in a given state (say,
spin up) and that the relaxation and decoherence times be much longer when compared
to the switching times for single- and two-qubit operations. The spin of a HH localized
in a quantum dot has been successfully initialized [20]|, and the relaxation time has been
measured [20, 24|, and found to be on the order of 100 microsecs. The relaxation (77) and
decoherence (T3) times of a HH-spin localized in a flat QD are, like for electrons, determined
by the interaction of the HH with the nuclear spin bath in the QD and the lattice vibrations
(phonons). The former interaction is weaker for HHs than for electrons (due to the p-
symmetry of the hole) [19,22]. More importantly, it is of Ising type, making it ineffective for
HH-spins initialized along the growth direction [19], as typically done in experiments [20,21],
thus implying very long dephasing times. This is in contrast to electrons, where the hyperfine
interaction is isotropic and dominates the spin dynamics at low B-fields [13,83,131,132].

95
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4.2 Heavy-hole Hamiltonian

Phonons couple to the HH spin through the spin-orbit interaction (SOI) [25]. The predicted
values [25] for the one-phonon induced relaxation time 77 agree quite well with data obtained
in high B-fields [24]. However, for low B-fields (B ~ 1.5 — 3T) and high temperatures (7" >
2K), a clear deviation from the one-phonon theory has been observed [24]. Furthermore,
recent experiments on optical pumping of HH-spins in QDs showed saturation of T} for
very low or even vanishing B-field [20]. The relaxation time was found to be unusually
long, T} =~ 0.1 — 1ms, like previously observed in high B-fields [24]. Both observations
suggest other sources of relaxation, and the question arises what are they and what are
their observable consequences? The answer to this question is not only interesting by itself
but also relevant for using HHs as qubits. In the following, we show that two-phonon
processes are good candidates and even provide a quantitative explanation of the mentioned
measurements at low B-fields [20,24]. The importance of such two-phonon processes was
noticed a long time ago for electron spins in silicon-donors [133] and rare-earth ions [134],
while for electrons in QDs it was shown that these processes are negligible compared to
nuclear spin effects [135,136].

To describe a HH confined to a QD and interacting with the surrounding phonon bath,
we start with the following Hamiltonian

Hy, = Hy+ Hz + Hso + Hp—p + Hp, (4.1)

where Hy = p*/2m* + V(r), is the dot Hamiltonian, V(r) = m*w?2r?/2 is the confinement
potential which is assumed to be harmonic, with m* being the HH mass. The second term
in Eq. (4.1) is the Zeeman energy of the HH (pseudo-) spin

Hy; =gupB-0/2, (4.2)

with B being the magnetic field and o the Pauli matrices for the HH spin defined in the
J, = £3/2 subspace. The third term represents the spin-orbit Hamiltonian, which, for well
separated HH-LH bands (flat dots), reads [25]

Hso = pPp-pip-o4+ +h.c. (4.3)

This Hamiltonian represents the effective Dresselhaus SOI (restricted to the HH subspace)
due to bulk inversion asymmetry of the crystal [25], where py = p,+ip,, p = —ihV —eA(r),
A(r) = (—y,2,0)B/2, and 0y = 0, +i0,. We note that in Eq. (4.3) we have neglected the
Rashba SOT and other possibly linear-in-k but small SOT terms [25]. The fourth term in Eq.
(4.1) represents the interaction of the HH charge with the phonon field, i.e.

Hp_pp = Z Mg; Xqj, (4.4)
qj
with
F(q,)e ™ = -
Mg; = [eBqj — i(Z0q - dgj — == qquj)} ; (4.5)
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and Xg; = //wg;(a’ ' 4i T aqj), where g is the phonon wave-vector, with j denoting the
acoustic branch, wg; = ¢;q the phonon energy, with ¢; the speed of sound in the j-th branch,
dg; the polarization unit vector, p. the sample density (per unit volume), and ef,; the
piezoelectric electron-phonon coupling and =, the deformation potential constants [25].
The form factor F'(g.) in Eq. (4.5) equals unity for |¢.| < d~! and zero for |¢.| > d~', with
d being the dot size in the (transverse) z-direction. The last term in Eq. (4.1) describes the
free phonon bath.

4.3 Spin-phonon interaction

In the following, we analyze the effect of the phonons on the HH spin. The phonons do
not couple directly to the spin, but the SOI plays the role of the mediator of an effective
spin-phonon interaction. Let us define the dot Hamiltonian H; = Hy + Hz + Hgo. These
eigenstates [no) of Hy are formally connected to the eigenstates [n)|o) of Hy+ Hz by an exact
Schrieffer-Wolff (SW) transformation [64,137], i.e., |no) = e°|n)|o), where S = —St is the
SW generator and can be found in perturbation theory in SOI. After this transformation,
any operator A in the old basis transforms as A — A = e5Ae™ in the new basis (e.g.,
Hd — Hd, Hh —ph Hh —phs etc)

In order to derive the effective spin-phonon interaction, we perform another SW transfor-
mation of the total HH Hamiltonian Hj,. We get an effective Hamiltonian H.g = eTH ne T,
where T = —T'7 is chosen such that it diagonalizes H h—ph 1D the eigenbasis of Hy. In lowest
order in Hj,_,p,, we obtain T ~ Z;lfl h—ph, Where the Liouvillean is defined as LA = [ﬁd, Al
VA, and diagonal terms of Hj,_, are to be excluded. In 2nd order in Hj,_,, we obtain then
the effective spin-phonon Hamiltonian

Hy ,, = o Z q]q]/C Xq]—I—Cq]q]Xq]Xq]
aj.q'j’
T Ct(zy)qj (Pai Xqtr = Parjt Xaj) ], (4.6)
with
- Cyl = (0]Myl0), (4.7)
U'Ct(z?q’j’ = (0|l 1MQ]7M 7]10) (4.8)
7 Colyy = (OILg My, Ly Mgy ]|0) (19)

Above, Py; = iw/hwqj(aT_qj — agq;) is the phonon field momentum operator, and |0) is the
orbital ground state. In Eq. (4.6) we have neglected 2nd order corrections in SOI to the
energy levels. Note that for vanishing magnetic field B — 0 only the last term in H,_p, is
non-zero, since only this one preserves time-reversal invariance and thus gives rise to zero
field relaxation (ZFR) [133-135].

We now assume the orbital confinement energy hw, much larger than the SOI, i.e.
||Hol| > ||Hsol|, and treat the SOI to leading order in perturbation theory. We consider
also the B-field to be applied perpendicularly to the dot plane (as in Refs. [20,24]). The
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SW-generator S can be written as S = S,0_ — h.c., and we then find

Sy = Awpip-p+ + Aolpip-Pr — (pr P~ — Pyp_)p.]
+ AP PPy + As[(ps P- — Pyp- )Py + Py Popy). (4.10)

Here, A; = A;(wz,w,) with wy = gupB/h and w. = eB/2¢c. For wz,w. < wy, we obtain

75 (WZ + Wc)
Al . ———F——— 4.11
! 9n  wi (4.11)
B we
Ay ~ ——— 4.12
’ 3hw3’ (412)
28 w(w, + wz)
Ay ~ ———S————=~ 4.13
3 9% Wé ) ( )
28 w?
Ay =~ —==% 4.14
! 3huwi (1.14)
while Py = P, £+ iP, with P,y = —ihV,) £ (m*wi/w.)y(z). After somewhat tedious
calculations, we obtain analytic expressions for C% = (C®*) C0¥ () occurring in Eq.

(4.6). We give below only the exact expression for i = 3, the rest being too lengthy to be
displayed here:

242
,A,m*)\gﬁe q Ad/4

Bafy) _
X (qiq; — ¢.}¢ £ (0, — @) (20,4, + 3qxq;)>, (4.15)
where
Fla-a) = o (€877~ Nig q/)2)
N(q-q)? I
X (y+log(Nig-q'/2) +T(0,\iq - q'/2)), (4.16)
10 hF q. F q; — — z N\ [ — z
ng] = M(:O q- dq,j — Sz q,quj>(:0 q/ : dq’j’ — S Q,/qu/j’)a

2pe\/WqiWq !

with A\; is the dot-diameter. We have also introduced v ~ 2.17 the Euler constant and
['(s,z) the incomplete gamma function. We note that C(1?) oc B, so that these two terms
vanish with vanishing B-field.

4.4 Hole-spin relaxation

Let us now analyze the relaxation of the spin induced by all the phonon processes in the
spin-phonon Hamiltonian in Eq. (4.6). We first mention that all terms in Eq. (4.6) can
be cast in a general spin-boson type of Hamiltonian H? , = (1/2)gugdBP(t) - o,p =1,2,3,
with the corresponding identification of the fluctuating magnetic field terms 0 B;(t) from Eq.
(4.6) (e.g. 6B (t) ~ CVX,)).

q]
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Within the Bloch-Redfield approach, the relaxation rate I' = 1/7; can be expressed as
I = [Ja(Ez/h) + Ja(—Ez/h)]. (4.17)

1=,y

The correlation functions J;; are defined by
Jij(w) = (guB/Qh)Q/ dte™™" < §B;(0)6B;(t) >, (4.18)
0

where < --- > denotes the average over the phonon bath, assumed to be in thermal equilib-
rium at temperature T. The relaxation time associated with the three types of spin-phonon
processes in Eq. (4.6) isT'=3",_,,, @ with

47 1 1
T — - Z [}k (n(wqj) + 5) 0(Ez — hwy;),
qj
m 8 m m—
F( ) ~ f Z |C'§j7()1/j/‘2(wquq’j') Zn(W‘Ij)
q5,9'3’
X (n(wgy) + 1) (g — hugy), (4.19)

where n(w) = 1/(exp (w/kgT)—1) is the Bose factor and m = 2, 3 correspond to B-dependent
and B-independent two-phonon rates, resp. We remark that in Eq. (4.19) we have neglected
some irrelevant processes in the limit of low-B field [63]. Also, for B-fields perpendicular
to the dot plane the decoherence time satisfies T = 277 for one-and two-phonon processes
since the spin-phonon fluctuations dB; L B [25,64].

Note that for two-phonon processes the single phonon-energies do not need to match the
Zeeman energy separately (as opposed to one-phonon processes), so that there is only a weak
dependence on the B-field left which comes from the effective spin-phonon coupling itself.

In Figs. 4.4 and 4.4, we plot the phonon spin-relaxation rate I' as a function of the
B-field and of temperature, resp., for InAs and GaAs quantum dots. Fig. 4.4 shows a clear
saturation of I' at low magnetic fields which is due to two-phonon processes, while Fig. 4.4
shows the known saturation at low temperatures due to one-phonon processes [25].

For these plots, we used the following HH InAs QDs (labeled by A) [138,139] and GaAs
QDs (labeled by B) parameters [25]: =y = 1.9eV, =, = 2.7eV, ¢! = 2.64 - 103m/s (P =
3.35-10%m/s), ¢ = 3.83-103m/s (P = 4.73-103m/s), p? = 5.68 - 103kg/m? (pP =
5.3-10 kg/m?), m* = 0.25m, (m% = 0.14m,), g* = 1.4 (¢ = 2.5), and we assume \y = 3nm
(hwi' = 35meV, hwP = 60meV) and d = 3nm (dot height). Also, 84 ~ 2.1-10°m/s and
Bp ~ 4.6 - 10 m/s. From Fig. 4.4 we can infer that the two-phonon processes become
dominant for magnetic fields B < 2T (B < 0.5T) and for temperatures 7' > 2K (7" > 3K)
for InAs (GaAs) QDs. These estimates for the relaxation rates due to one- and two-phonon
processes are comparable to the ones recently measured in Refs. [20, 24|, thus providing a
reasonable explanation for these measurements. Note that, in contrast to the HH case, the
relaxation time for electrons shows no deviation from the one-phonon time (or saturation)
with decreasing B-field [11].

Next, we provide explicit expressions of the relaxation rates for low and high temperature

limits. The rates I'¥ can be written as
T

r0 =gy 22 e pim (4, (4.20)
“o

m=0



60 [ RELAXATION

10°F [= T=085K .
— T=25K
| |— T=5K
E |— T=10K
104’ ]
FIl|—|
DL
=
2[ ]
10 - T=1K
T=2K
5 oo T=3K|
E L <o T=8K
Ly 100?’ AL L T
(o] IS \ ‘ 1 2, 3]
10 1 2 3
B[T]

Figure 4.1: The heavy-hole spin relaxation rate I' for InAs QDs (GaAs QDs in the inset) as a
function of magnetic field B for different temperatures T. The full curves represent the rate due to
one- and two-phonon processes, i.e. I' = Zg’zl I'() as defined in Eq. (4.19) for different temperatures
T, while the dotted lines present the one-phonon rate I'X).

where
21 h* eh?, 52
o~ —— 14 4.21
! K2mp NS pe &}’ ( )
Tmt 2=
Pt R 4.92
A rr “22)
6 02 =4
5y~ P 0 (4.23)

TRt N2

C

with r; =5, 1o = 2, 13 = 0, and t = kgT/E,, with E,, = hc;/Aq. The functions F/™(t)

0 1 0 1 2
FO Y BP0 BV BP0 R

t<1 0004 0015 10%13 1073  5.10%1 10%'

t>1 0081 003L 10% 10% 302 03¢

Table 4.1: The asymptotic values for E(m) (1).

depend on the ratios t = kgT/Ey, d/A, and ¢;/¢;. In Table 4.1 we list the asymptotic
(scaling) expressions for Fi(m) (t) in low B-fields w7z < wy for low (¢t < 1) and high (¢ > 1)
temperatures. We note that Fl(l)(t) A F1(2) (t) in both regimes, and F1(3’4’5) =0.
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4 6
TIK]

Figure 4.2: The heavy-hole spin relaxation rate I" in Eq. (4.19) for InAs QDs (GaAs QDs in the
inset) as a function of temperature T for different B-field values. For finite B-field, I" saturates at
low temperatures due to one-phonon processes.

Using Eq. (4.20) and Table 4.1 we can write for the two-phonon rates, say, for InAs QDs

2 2
107 (10“—5 22k ), 5“’;) 1t
r®=s 0 0 (4.24)
2 [ Wz WZWC We \ L2
10 (—2+ —1—03—2)15, t>1
wo “o
10065, t< 1
r® =g, (4.25)

0.3t2, t> 1.

From Egs. (4.25) we find that for 7" < 2K and for B > 0.5T the one-phonon processes
dominate the relaxation rate I'. On the other hand, for low B-fields (0.1T < B < 1T) and
finite temperatures (7" > 2K) the two-phonon processes will give the main contribution to
I', see Fig. 4.4. The main phonon processes could be identified experimentally by analyzing
the temperature dependence of T, scaling as I' ~ T for one-phonon processes and as I' ~ 7%
for two-phonon processes. Also, the saturation of I' in vanishing B-field is a clear indication
of two-phonon processes. Note that the strong enhancement of the two-phonon HH spin
relaxation arises because (i) the rate is 2nd order in SOI (whereas for electrons it is 4th
order) and (ii) the effective mass for HHs is much larger than that for electrons. FEven
more, the coupling of the phonon field to the HH spin is qualitatively different compared
to electrons (in-plane coupling vs. perpendicular-to-the-plane coupling) allowing for a clear
distinction between linear (electrons) and cubic (holes) in momentum SOI via two-phonon
relaxation processes.

In order to compute '3 we took into account only the contribution from the de-
formation potential since this dominates the two-phonon relaxation for 7'/E,, > 0.1 and



62 CHAPTER 4. HOLE-SPIN RELAXATION

Wz, we < wo. For the evaluation of '™ instead, we considered both the piezoelectric and
deformation potential contributions, both of them being important for B and T considered
here. Surprisingly, we found that the ZFR rate I'® increases when decreasing the dot size as
I'® ~ \,', while the other two rates decrease with decreasing the dot size as ™) ~ )} and
I'® ~ \;. This behavior strongly differs from the electronic case where the ZFR mechanism
is efficient for rather large dots [135].

Interestingly, the present results do not change much if the B-field is tilted with respect
to the QD plane. The g-factor for HHs is strongly anisotropic with gy < g, so that one
can neglect the in-plane Zeeman splitting. This implies performing the substitution w. ; —
we,z cos B in above results, with ¢ being the angle between the B-field and the z-direction.
This will lead to a reduction of the B-dependent rates (I'}?)), while the ZFR (I'®) being
independent of B remains the same.

4.5 Conclusions

In conclusion, we have shown that two-phonon processes give rise to a strong relaxation of
the HH spin in a flat quantum dot. This time is predicted to be in the millisecond range,
comparable to the one measured in recent experiments on optical pumping of a HH spin in
QDs [20]. Though other sources of relaxation are not excluded, a careful scaling analysis
of the measured relaxation time with the magnetic field and/or the temperature should
allow one to identify the two-phonon process as the leading relaxation mechanism for the
heavy-hole spin localized in small QDs.



Chapter 5

Spin electric effects in molecular
antiferromagnets

Molecular nanomagnets show clear signatures of coherent behavior and have a wide variety
of effective low-energy spin Hamiltonians suitable for encoding qubits and implementing
spin-based quantum information processing. At the nanoscale, the preferred mechanism for
control of quantum systems is through application of electric fields, which are strong, can
be locally applied, and rapidly switched. In this work, we provide the theoretical tools for
the search for single molecule magnets suitable for electric control. By group-theoretical
symmetry analysis we find that the spin-electric coupling in triangular molecules is governed
by the modification of the exchange interaction, and is possible even in the absence of spin-
orbit coupling. In pentagonal molecules the spin-electric coupling can exist only in the
presence of spin-orbit interaction. This kind of coupling is allowed for both s = 1/2 and
s = 3/2 spins at the magnetic centers. Within the Hubbard model, we find a relation
between the spin-electric coupling and the properties of the chemical bonds in a molecule,
suggesting that the best candidates for strong spin-electric coupling are molecules with nearly
degenerate bond orbitals. We also investigate the possible experimental signatures of spin-
electric coupling in nuclear magnetic resonance and electron spin resonance spectroscopy,
as well as in the thermodynamic measurements of magnetization, electric polarization, and
specific heat of the molecules.

5.1 Introduction

The control of coherent quantum dynamics is a necessary prerequisite for quantum informa-
tion processing. This kind of control is achieved through coupling of the internal quantum
degrees of freedom of a suitable micro- or mesoscopic system to an external classical or
quantum field that can readily be manipulated on the characteristic spatial and temporal
scales of the quantum system.

The molecular nanomagnets (MNs) [30,31] represent a class of systems that show rich
quantum behavior. At low energies, the MNs behave as a large spin or a system of only
few interacting spins. The behavior of this spin system can be designed to some degree by
altering the chemical structure of the molecules, and ranges from a single large spin with
high anisotropy barrier, to small collections of ferro- or antiferromagnetically coupled spins

63
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with various geometries and magnetic anisotropies. This versatility of available effective
spin systems makes the MNs promising carriers of quantum information [55]. While the
interaction with magnetic fields provides a straightforward access to the spins in an MN; it
is preferable to use electric fields for the quantum control of spins, since the electric fields are
easier to control on the required short spatial and temporal scales. In this work, we explore
the mechanisms of spin-electric coupling and study the ways in which an MN with strong
spin-electric coupling can be identified.

Quantum behavior of MNs is clearly manifested in the quantum tunneling of magne-
tization [33-39, 140]. A prototypical example of quantum tunneling of magnetization is
the hysteresis loop of an MN with a large spin and high anisotropy barrier. The height
of the barrier separating the degenerate states of different magnetization leads to long-
lived spin configurations with nonzero magnetic moment in the absence of external fields.
The transitions between magnetization states in the MN driven through a hysteresis loop
occur in tunneling events that involve coherent change of a many-spin state. These tran-
sitions have been observed as step-wise changes in magnetization in single-molecule fer-
romagnets [36,37,40-42|. Similar tunneling between spin configurations are predicted in
antiferromagnetic molecules [43,44], and the observed hysteresis was explained in terms of
the photon bottleneck and Landau-Zener transitions [45-48|. The transitions between spin
states are coherent processes and show the signatures of interference between transition
paths [49,50,141], as well as the effects of Berry phase in tunneling [50-53, 141, 142].

Spin systems within molecular nanomagnets offer a number of attractive features for
studying the quantum coherence and for the applications in quantum information processing
[55]. A wide variety of spin states and couplings between them allows for encoding qubits.
Chemical manipulation offers a way to modify the structure of low-energy spin states [143].
Coherence times of up to ~ 3 us [144| which can persist up to relatively high temperatures of
the order of few Kelvin are sensitive to the isotopic composition of the molecule. A universal
set of quantum gates can be applied in a system of coupled antiferromagnetic ring molecules,
without the need for local manipulation [145]. The presence of many magnetic centers with
the coupled spins allows for the construction of spin cluster qubits that can be manipulated
by relatively simple means [146|. In polyoxometalates, the spin structure of the molecule
is sensitive to the addition of charge, and controlled delivery and removal of charges via an
STM tip can produce useful quantum gates [147]. Chemical bonds between the molecules
can be engineered to produce the permanent coupling between the molecular spins and allow
for interaction between the qubits [148].

Sensitivity of molecular state to the addition of charge was demonstrated in the tunneling
through single molecules [149], and used to control the spin state of a MN [150]|. Transport
studies of the MNs can provide a sensitive probe of their spin structure [53,151-154].

The most straightforward and traditional way of controlling magnetic molecules is by
applying an external magnetic field. With carefully crafted ESR pulses, it is possible to
perform the Grover algorithm, or use the low-energy sector of the molecular nanomagnet as
a dense classical memory [55]. Unfortunately the approaches based on magnetic fields face a
significant drawback in the large-scale quantum control application. Typically, the quantum
manipulation has to be performed on the very short spatial and temporal scales, while
the local application of rapidly varying magnetic field presents a challenging experimental
problem. For that reason, the schemes for quantum computing tend to rely on modifying
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the spin dynamics that is caused by intramolecular interaction, rather than on the direct
manipulation of spins [155].

For the applications that require quantum control, the electric fields offer an attractive
alternative for spin manipulation in the molecular nanomagnets [156]. One major advantage
is that they can be applied to a very small volume via an STM tip [157,158], and rapidly
turned on and off by applying voltage pulses to the electrodes placed close to the molecules
that are being manipulated. Switchable coupling between different nanomagnets is essential
for qubit implementation. At present, this can be implemented only locally, and the inter-
action is practically untunable. The use of microwave cavities can offer a solution to this
problem. By placing the nanomagnets inside a microwave cavity, one can obtain a fully con-
trollable, long-range interaction between them [156]. This coupling relies on the presence of
a quantum electric field inside such a cavity, which mediates the interaction between distant
nanomagnets. The interaction can be tuned by tuning each molecule in- or out-of-resonance
with the cavity field using local electric or magnetic fields [156]. The spins, however, do not
couple directly to the electric fields, classical or quantum, and therefore any electric spin
manipulation is indirect, and involves the modification of molecular orbitals or the spin-orbit
interaction.

The description of the molecular nanomagnets in terms of spins is an effective low-
energy theory that does not carry information about the orbital states. However, it is still
possible to predict the form of spin-electric coupling from symmetry considerations and
single out the molecules in which such a coupling is possible. In particular, the molecules
with the triangular arrangement of antiferromagnetically coupled spin-1/2 magnetic centers
interact with external electric field through chirality of their spin structure [156,159|. The
same coupling of chirality to the external electric field was derived for the triangular Mott
insulators [160].

While the symmetry of a molecule sets the form of spin-electric coupling, no symmetry
analysis can predict the size of the corresponding coupling constant. The coupling strength
will depend on the underlying mechanism that correlates the spin and orbital states, and
on the detailed structure of low-energy molecular orbitals. To identify molecules that can
be efficiently manipulated by electric fields, it is necessary to perform an extensive search
among the molecules with the right symmetries and look for the ones that also have a large
coupling constant. Unfortunately, this search has to proceed by ab-initio calculations of the
coupling constants for a class of molecules of a given symmetry, or by an indiscriminate
experimental scanning of all of the available molecules.

In this paper, we contribute to the search for molecules that exhibit strong spin-electric
coupling. Based on the symmetry analysis, we identify the parameters of the spin Hamilto-
nian that can change in the magnetic field, and cause spin-electric coupling. We study the
mechanisms that lead to this coupling and describe the experiments that can detect it.

We will consider the spin electric coupling in the language of effective model, namely
either the spin Hamiltonian, or the Hubbard model. In reality the mechanism behind the
spin-electric coupling involves either the modification of the electronic orbitals in an ex-
ternal field and the Coulomb repulsion of electrons, or the much weaker direct spin-orbit
coupling to the external fields. A derivation of spin-electric coupling from this realistic pic-
ture would require the knowledge of electronic orbitals from an ab-initio calculation, and the
distribution of electric field within the molecule. Both of these problems require substantial
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Figure 5.1: (Color online) Schematics of the s; = 1/2 triangular molecule in electric field. The
antiferromagnetic exchange couplings, represented by the bonds with thickness proportional
to Jiiv1, are modified in electric field. In the absence of electric field, exchange couplings are
equal J;;11 = Jj;11, fade colors (grey online). The full color (blue online) triangle represents
the exchange interaction strengths in electric field.

computational power, and can not be performed routinely. Since the electric field acts pri-
marily on the orbital degrees of freedom, and the spin Hamiltonian carries no information
about the orbital states, we provide a description in terms of a Hubbard model that still
contains some information about the orbital states. We can then described the properties
of the molecule that allow for strong spin-electric coupling in the language of orbitals that
offers some intuitive understanding of the underlying mechanisms of interaction.

We identify the response of an MN with spin-electric coupling in the standard mea-
surements of ESR, nuclear magnetic resonance (NMR), magnetization, polarization, linear
magnetoelectric effect, and specific heat measurements.

In Sec. IT we present a symmetry analysis of the spin-electric coupling in the ring-shaped
molecules with antiferromagnetic coupling of spins. In Sec. IV, we describe the MNs using
the Hubbard model, and relate the symmetry-based conclusions to the structure of molecular
orbitals. In Sec V, we analyze the experimental signatures of spin-electric coupling, and
present our conclusions in Sec. VI.
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5.2 Symmetry analysis of antiferromagnetic spin rings

Spin chains whose ground state multiplet consists of two quasi-degenerate S = 1/2 doublets
represent suit- able candidates for the manipulation of the spin state by pulsed electric fields.
Such a ground-state multiplet characterizes a number of frustrated spin rings, consisting of
an odd number of half-integer spins. In the following we consider prototypical examples of
such systems.

5.2.1 Triangle of s = 1/2 spins

The low-energy properties of most molecular nanomagnets (MNs) are well described in terms
of spin degrees of freedom alone. Within the spin-Hamiltonian approach, the coupling of
external electric fields to the molecule can be accounted by suitably renormalizing the phys-
ical parameters. In the following, we use the symmetry of the molecules to calculate the
changes of spin-Hamiltonian parameters, to identify the system’s eigenstates, and to deduce
the allowed transitions. Quantitative estimates of the parameters entering the spin Hamil-
tonian require the use of ab-initio calculations [161], or the comparison with experiments.
The simplest example of a spin system which may couple to an external electric field in a
non-trivial way is a triangle of s = 1/2 spins, like, for example, the Cuz MN [162]. The
schematics of such a spin system in the presence of an electric field is showed in Fig. 5.1. Its
spin Hamiltonian, for the moment in the absence of any external fields (magnetic or electric),
reads:

N N
Hapin = > Jiis1si-sin+ Y Diigr - (85 X sit1), (5.1)

i=1 i=1

with N = 3 and s4 = s; in the summation over i. The first term in Eq. (5.1) represents the
isotropic Heisenberg exchange Hamiltonian with the exchange couplings J;; 11 between the
spins s; and s; 1, and the second term represents the Dzyalozhinsky-Moriya (DM) interaction
due to the presence of spin-orbit interaction (SOI) in the molecule, with the DM vectors
D;; 1. The states of the spin S = 1/2 triangle can be found by forming the direct product
of the SU(2) representations of three spins S = 1/2: Dy, = D1/2®3 = 2D0/2) g DB/2)
meaning there are eight states in total. The point group symmetry of the molecule is
Dgy, [162], i.e. the triangle is assumed to be equilateral. The Dsj, symmetry imposes the
following restrictions on the spin Hamiltonian parameters: J; 41 = J and DY, = 0, and
D7 ., = D.. However, if lower symmetry is considered these restrictions will be relaxed.
The spin states in a form adapted to the rotational symmetry Cs of the system are

1< '
(i) = 75 2 GCE (5.2)
j=0
[Unr=spe) = [111), (5.3)

where €; = exp (2im/3j) and j = 0, 1,2. The states with opposite spin projection M’ = —M,
i.e. with all spins flipped can be written in an identical way (not shown). These states are
already the symmetry adapted basis functions of the point group Ds,. Moreover, these are
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eigenstates of the chirality operator

. — %Sl - (83 X 53), (5.4)

with Cz|¢§\}[i)i1/2> = :|:|¢](\}[’i)il/2>, Cz|¢§\04):i1/2> =0 and C.|¢pp=43/2) = 0. The above states
in Eq. (5.3) carry different total spin. There are two spin S = 1/2 states, corresponding to
k =1,2, and a spin S = 3/2 state corresponding to k = 0. Obviously, the states |{a/=13/2)
have S = 3/2.

In an even-spin system, double valued point groups, instead of single valued groups,
are usually used in order to describe the states, the splittings and the allowed transitions
(magnetic or electric) [163]. In the presence of of spin-orbit interaction the splittings can be
accounted for either by single group analysis (perturbatively), or by double group analysis
(exact). In the following, we analyze the spectrum and the allowed transitions by both single
valued point group analysis and double valued point group analysis.

Single valued group analysis of the s = 1/2 spin triangle

In the single valued point group Dsy,, the states |¢J(\Z): . /2) with & = 1,2 form the basis
of the two dimensional irreducible representation E', while the states |@Z)](\2): 4 /2), and the

[nr—+3 /2) transform as A;. The allowed electric transitions in the system are determined
by the transformation properties of the basis states.

The simplest and possibly the dominant dependence of the spin Hamiltonian on the
applied electric field comes via the modification of the exchange interactions, like depicted
in Fig. 5.1. This gives rise to the following term in the spin Hamiltonian

3
5H0(E) = Z 6J“+1(E) S; *Si+1, (55)
i=1

where 0.J;;41(E) = d;;41-E, with d;; 11 being vectors that describe the electric-dipole coupling
of the bond s; — s;;; to the electric field E in leading order. There are three such vector
parameters and thus nine scalar parameters in total. However, symmetry will allow to
drastically reduce the number of free parameters by providing relations between them. The
S = 3/2 states of the unperturbed spin Hamiltonian form the multiplet 4A/2, while the S =
1/2 states form two multiplets 2F'. The electric dipole Hamiltonian is He_q = —e ), E-r; =
—eE - R, with e standing for the electron charge, r; being the coordinates of the i-th electron
and R = ). r;. The non-zero electric dipole matrix elements of H._q4 in the D, symmetric
molecule are

(Wi | = exlnr) = i | — eyling'’) = ddaar, (5.6)
proportional to the effective electric dipole parameter d. The value of d is not determined
by symmetry, and has to be found by some other means (ab-initio, Hubbard modeling,
experiments, etc). We mention that all the other matrix elements are zero, e.g. <w§\}’2)] —
ex|¢](\}’,2)> = z'(zﬂj(\f)] - ey\w](\}[’,% = 0, etc. We see that the electric field acts only in the
low-energy sector, which allows us to write the effective spin-electric coupling Hamiltonian
acting in the lowest quadruplet as

H = dE' - Cy, (5.7)
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where E' = R, (77/6 —20)E, with R.(¢) describing the rotation with an angle ¢ about the z
axis, and ¢ is the angle between in-plane component E; of the electric field E and the bond
51 — 8. For C = (Cy, Cy, 0) we have

Co = > (i w1+ Wil (5:8)

M
¢y = i (1wl = ) W) (5.9)

The low-energy spectrum in the presence of electric field and the related states can be
expressed in terms of the spin Hamiltonian Eq. (5.5), so that we find anisotropic variations
of the exchange coupling constants:

4d 2

which depend on the angle 6 and the projection of the electric field E on the plane of the
triangle. In the s; = 1/2 triangle the C-operators can be written as

2
C, = —g(sl~sz—252-83+s3's1), (5.11)
2
C, = —=(s1-82—83"-81), 5.12
A LR (.12

with [C;, C;] = 2i€;;,Cy (€51 are the Levi-Civita symbols) [156,160]. From the above relations
we can conclude that (i) only the electric field component perpendicular to the bond and
lying in the plane of the molecule gives rise to spin-electric coupling and (ii) there is only
one free parameter d describing the coupling of the spin system to electric fields and d;; 41 =
4d/3 (sin (2im/3), cos (2im/3),0), where i = 1,2, 3 labels the triangle sites and 4 = 1.

The SOI in a Dg3j, symmetric MN is constrained by the transformation properties of the
localized orbitals. It reads

Hso = MoT,S: + /\éo(TEiS— + T S4), (5.13)

with Tt being tensor operators transforming according to the irreducible representation
" [163]. The non-zero matrix elements of this SOI Hamiltonian in the low-energy quadruplet

read <¢A} ?|Hso |¢(1 2y = j:M)\goéMM/ so that the SOI takes the following effective form
Hso = Ag0C. S, (5.14)

with Agp = )‘|s|,o and S, = Zf’ s7. An effective SOI Hamiltonian is obtained also from the
DM SOI Hamiltonian in Eq. (5.1). The constraints DzHy_1 = 0and D}, = D, on the DM
vectors due to Dg, symmetry of the molecule, give rise to the same effective SOI in Eq.
(5.14), with D, = )‘go Thus, as expected, the molecular SOI and the DM SOI give rise to
the same effective SOI Hamiltonian acting in the low energy quadruplet. Like in the case of
the electric dipole parameter d, finding DZ()\gO) requires more than symmetry, like ab-initio

methods or experiments. The transverse SOI, with interaction strength A§, does not act
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Figure 5.2: The spin transitions in the s; = 1/2 triangle induced by electric and magnetic
fields. The electric field causes transitions between the states of opposite chiralities C',
and equal spin projections S, (horizontal arrows), while the magnetic field instead causes
transitions between the states of opposite spin projections S, and equal chiralities C, (vertical
ArTows).

within the low-energy space, and its effect will appear only in higher orders of perturbation
theory in 1/.J.

An external magnetic field couples to the spin via the Zeeman term Hy; = B - gS,
with g = diag{g|, gy, 9.} being the g-factor tensor in Ds,. The full effective Hamiltonian
describing the low-energy quadruplet in the presence of SOI, electric field and magnetic field
read

Heg = AgoC.S. +B-gS + dE’ - CH' (5.15)

Note that [C, S] = 0, and chirality and spin act as independent spin 1/2 degrees of freedom.
Furthermore, in the absence of SOI the chirality C and the spin S evolve independently.
However, the SOI couples the two and provides with means for electric control of both spin
and chirality. Vice-versa, magnetic fields can also couple to chirality due to SOI. Also, while
magnetic fields (time-dependent) cause transitions between states of opposite spin projection
M but with the same chirality C,, the electric field does the opposite: it causes transitions
between states of opposite chirality C, but carrying the same M. Full control of the lowest
quadruplet is thus realized in the presence of both electric and magnetic fields, as can be
seen in Fig. 5.2.

Double valued group states of the s = 1/2 spin triangle

The double group representations allow to non-perturbatively describe the magnetic and
electric transitions in the presence of spin-orbit interaction. The lowest quadruplet consists
of two Kramers doublets, one of them transforming like £ ~ (| —1/2),[1/2)), and the other
one according to E” ~ (| —3/2),|3/2)). Here (|M),|— M)) represent pairs of eigenstates of a
given angular momentum J > M, with spin projection £ M. For example, if M = 1/2, then

=1/2,3/2,.... The higher energy states instead (S = 3/2 states), transform now not as
Az: but as £’ (M = +1/2) and as E" (M = 43/2). Thus, the S = 1/2 states mix with the
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S = 3/2 states, but only the ones transforming according to the same representations, i.e.
there is no mixing between E' and E” due to spin-orbit interaction. The magnetic dipole
transitions take place between E" and E”, and within E' and E”, respectively, while electric
dipole transitions take place only between E and E”. The selection rules for the electric
transitions are AM = £2, while for the magnetic transitions these are AM = 04 1. We see
that within the double group analysis, i.e. in the presence of SOI, there are allowed electric
dipole transitions also within the S = 3/2 subspace.

Using both the single group and double group analysis we can pinpoint to the transitions
that arise in the absence or only in the presence of SOI. Therefore, the electric dipole tran-
sitions present in the single-group are a consequence of the modified exchange interaction,
and can arise even in the absence of SOI, while the ones that show up only in the double
group analysis are a consequence of the SOI (or modification of SOI in electric field).

We now can establish several selection rules for the SOI, electric field and magnetic field
induced transitions. Note that the above analysis was exact in SOI. However, it instructive
to treat electric field, magnetic fields and SOI on the same footing. First, we find that the
electric dipole transitions fulfill the selection rules AC, = +1 and AS, = 0, meaning that
electric field only couples states within the lowest quadruplet. The SOI transitions show a
richer structure. We can separate the SOI interaction in two parts: the perpendicular SOI,
quantified by D, in the DM interaction Hamiltonian, and the in-plane SOI, quantified by
D, , in the DM interaction Hamiltonian, respectively. By doing so, we find that the D, SOI
terms obey the selections rules AC, = 0 and AS, = 0, while for the D, , terms we get the
selection rules AC, = £1 and AS, = +1. We see in-plane SOI (D, , terms) do not cause
any splitting in the ground state and can lead to observable effects only in second order in
perturbation theory in D, ,/J. Also, note that if o, symmetry is present, D,, = 0 and
thus there are no in-plane SOI effects at all. Modification of these terms due to an in-plane
external electric field E, however, lead to different selection rules: changes of D, terms lead
to AC, = £1 and AS, = 0, while modification of D, , lead to AC, = 0,£2 and AS, = £1.
The magnetic field transitions obey the selection rules AS, = 0,4+1 and AC, = 0. Thus,
we can make clear distinction between pure electric field transitions, SOI-mediated electric
transitions and magnetic transitions. This distinction between the electric and magnetic field
induced transitions could be used to extract the spin-electric coupling strength parameter d
from spectroscopic measurements.

5.2.2 Spin s = 3/2 triangle

The spin s = 3/2 triangle has a more complex level structure than the s = 1/2 triangle due
to its higher spin. The spin Hamiltonian, however, is similar to the one in Eq. (5.1) for
s = 1/2, and the reduction of the representation of three spins S = 3/2 is Dy, = D®/2)®3 =
2D1/2) @ 4DG/2) ¢ 3DG/2) g 2D(/2) @ DO/2) | 4 total of 64 spin states. The total number of
irreducible representations is the same as in the s = 1/2 case, and we need only to identify
these basis states in terms of the spin states. The s = 3/2 triangle states can be defined
according to their transformation properties under three-fold rotations Cs in Dg3;, and are of
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the following form

i) = PPIM,i), (5.16)
2
1 A
Py = —=> éay, (5.17)
V3=

where e;? — exp (2imjk/3), CJ are the 3-fold rotation of order j, and j, k = 0,1,2. The
states |M,i) = |o10903) represent all possible states (i states in total) with a given spin
projection M(= ), o) that cannot be transformed into each other by application of the
rotation operator C4. These states are showed in Table 5.1.

M

1/2 AT | D | A | )
3/2 | ) | M) | ) | I
5/2 I | )| 0 0
2| 0 0 0
9/2 It | 0 0 0

Table 5.1: Non-symmetry adapted states of the s = 3/2 spin triangle. We use | f () =
| £3/2).

The corresponding states with all spins flipped, namely with M = —M, can be written
in a similar form (not shown). Having identified the symmetric states in terms of the
spin states, we proceed to analyze the allowed transitions induced in the spin systems by
magnetic and electric field, both within the single valued group and double valued group
representations.

Single valued group states of the s = 3/2 triangle

The above states are basis of the point group Ds;,, but not eigenstates of the total spin
operator S, i.e. they do not have definite total spin. However, linear combinations of states
of a given total spin projection M and a given ’chiral’ numbers k become eigenstates of S2.
The total spin eigenstates can be written as |wgk3\4) = D) ail\wy}’l)% where [(M) is the
number of different states with a given M. The coefficients a;; are to be identified so that
these states satisfy S2[5,) = S(S + 1)[§,), with S = 1/2,3/2,5/2,7/2,9/2. The states
with k& = 0 are all transforming according to the A, representation, while the states with
k = 1,2 are organized in doublets, being the bases of the two dimensional representation
E'. However, as mentioned above, different combinations of symmetry adapted states carry
different total spin S. The magnetic and electric transitions are similar to the ones in the



5.2. SYMMETRY ANALYSIS OF ANTIFERROMAGNETIC SPIN RINGS 73

s = 1/2 triangle, in the absence of SOI. The electric field causes transitions only between
states with the same M and S, but opposite chirality C, = ﬁgsl - (s x s3) (this is different
from the triangle with s; = 1/2 spins in each of the vertices). As for the s = 1/2 spin
triangle, there are electric dipole transitions within the spin system even in the absence of
SOI. The ground states is four-fold degenerate consisting of two S = 1/2 eigenstates

WO, = f(wM ) + VI, )

(1,3 1,4)
- (- i) ~ 10D ), (5.18)
1 (2,1) 2,2)
1/}M 1/2> - \/_1—O(|¢M1/2>+\/_|¢M 1/2>
(2,3 2,4)
+ e - @ v - 50 ). (5.19)
We see that, as opposed to the s = 1/2 triangle, the lowest states are given by linear

combinations of the several M = 1/2 symmetry adapted states (the M = —1/2 states are
obtained by flipping the spins in the states in Eqs. (5.18), (5.19). This, however, does not
modify the conclusions regarding the electric and magnetic transitions in the absence of
SOI, these being given by the same rules as in the S = 1/2 triangle: electric-field induced
transitions between the states of opposite chirality C, and the same spin projection M. The
lowest states are still organized as spin and chirality eigenstates that are split in the presence
of SOI as in the previous case.

In the original spin Hamiltonian in Eq. (5.1) the electric field causes modification of the
spin Hamiltonian parameters. As for the spin s = 1/2 triangle, the strongest effect comes
from modification of the isotropic exchange interaction, so that

3
(SHo(E) = Z 5J”+1(E)Sz *Sia1, (520)

i=1

with 0J;;41(E) = dE cos (2mi/3 + 0), where 6 is the angle between the projection of the
external electric field E to the molecule’s plane and the s; — sy bond, and i = 0,1, 2.
The effect of the electric field on the lowest quadruplet is found to be similar to the spin
s = 1/2 case. While the SOI splits the two chiral states without mixing them (at least in
lowest order), the electric field, on the other hand, mixes the chiral states. The effective
Hamiltonian acting in the lowest quadruplet reads

Heyg = NgoC,S, +B - ES +dE- C”. (5.21)

Above, d' = 3d/2, C| = (C,,C,,0), with Cp = 3, [W{)V W3 | + [0 @'Y] and C,
ZZM(W)](\?)( (2)| |2/)](\3)>( (1)|) and Ago stands for the SO splitting. However, in this
situation the in-plane chirality operators C, , cannot be written in a simple form as a function
of the individual spin operators, as opposed to the s = 1/2 triangle.
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Double valued group states of the s = 3/2 triangle

The double group representation allows to identify the couplings between different spin states
induced by the SOI and to identify the allowed magnetic dipole transitions. Due to SOI,
the electric field induced spin transitions will take place also outside the spin quadruplet.
In the absence of extra degeneracies (induced, for example, by external magnetic fields),
however, these transitions are strongly reduced due the gap of the order J. We can then
focus, as for the S = 1/2 triangle, only on the lowest quadruplet. These states are organized
in two Kramer doublets of the form (|M),|— M)), one transforming as £ ~ (|1/2),|—1/2))
and the other one as E" ~ (| — 3/2),(3/2)). Here again, (|M),| — M)) represent angular
momentum J < M eigenstates with spin projection =M.

As in the case of the s = 1/2 triangle, the electric field induced transitions take place
between £ and E", with the selection rules AM = +2. Magnetic transitions instead take
place both within and between E' and E”, satisfying the selection rules AM = 0, +1.

If we now treat the SOI, electric field and magnetic fields on the same footing, we arrive
at the same selection rules as for the s = 1/2 triangle, namely AC, = +1 and AS, = 0 for
electric transitions, AC, = 0,£1 and AS., = 0,+£1 for SOI transitions, and AC, = 0 and
AS, =0, %1 for magnetic transitions, respectively.

5.2.3 Spin s = 1/2 pentagon

We now analyze the spin-electric coupling in a pentagonal molecule with a spin s = 1/2
in each of the vertices, like depicted schematically in Fig. 5.3. As in the case of the spin
triangle, an external electric field E gives rise to modification of exchange interaction J;;14
in Eq. (5.1). However, the net spin-electric coupling in the lowest spin sector can only be
mediated by SOL i.e. via the DM interaction (which can be also modified in the presence
of the E-field).

To make the analysis simpler, we assume in the following that the pentagonal spin
molecule possesses a Dy point group symmetry, thus no horizontal reflection plane o,. How-
ever, no generality is lost, since lower symmetry implies more allowed transitions in the spin
system. If, for example, in the lower symmetric situation some transitions are forbidden,
these transitions will be forbidden in the higher symmetry case. The Hamiltonian is given
in Eq. (5.1) with N = 5. The states of the pentagon are found from the product of the
individual spin representations Dy, = D1/ = 5D1/2) g 4DG/2) ¢ DG/2) | meaning there
are 32 spin states in total. As before, these states can be organized in a symmetry adapted
basis in the following way

Wiy = PEIM,), (5.22)
4
1 .
PF o= ) e, (5.23)
V5 =

where e;? = exp (2imjk/5) with k,j = 0,...,5, Cg are the 5-fold rotations of order j. The
states | M, i) = |o102030405) represent all possible states (i states in total) with a given spin
projection M (= ), o)) that cannot be transformed into each other by application of the
rotation operator Cg. These states are showed in in Table 5.2 and the corresponding states
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Figure 5.3: (Color online) Schematics of a pentagonal spin ring molecule in electric field
E, light (green) arrow. The molecule in the absence of electric field is depicted in fade
colors, while the full colors represent the molecules in electric field. Thickness of the bonds

represents the strength of antiferromagnetic exchange interaction between the spins. An
electric field modifies the strengths of spin exchange couplings J;; 1.

with all spins flipped, i.e. M — —M states (not shown). In the absence of SOI there is
no mixing of different k states, i.e. the chirality is a good quantum number. In this case
the chirality is quantified by the operator C, = 1/(2v/5+ 2v/5) Y., 8 - (Siy1 X Sit2) (the
prefactor is chosen for convenience; see below). As in the s = 1/2,3/2 spin triangles, the
above states are not yet the eigenstates of the Hamiltonian and we have to solve the equation
52|¢§3)> = S(S+1)\wg)>, with |¢S)> =2 k) a,f7i|z/11(\f[’l)>. The ground state is spanned, again,
by four states, two Kramers doublets with spin S = 1/2. In the following we inspect the
level structure of these four states in terms of the above symmetry adapted states.

Single valued group s = 1/2 pentagon

We focus here only on the four lowest energy states, which are two pairs of S = 1/2 states.
The first (second) pair is given by linear combination of states with chirality k = 1 (k = 4)
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M

/2| A | 1)
3/2 | At | o

52|t | o

Table 5.2: Spin s = 1/2 pentagon non-symmetry adapted states.

and spin projection M = +1/2. We obtain

5

2km
+ 2¢k cos (T) ‘wl(\];ﬁ)il/2>)’ (5.24)

(k) 1 1 (k,1)
Wszl/z,Mzil/2> - \/g( 2 WM:il/2>
2 cos ( )

so that C’Z|¢](\];):i1/2> = (—1)k|¢§\§):i1/2>. These states (for a given M projection) form
the basis of the two dimensional irreducible representation F;,. We are now in positions
to investigate the allowed electric dipole transitions within this lowest subspace. The in-
plane electric dipole d = (d,, d,) forms a basis of the irreducible representation £ in Ds.
By calculating the product £y ® Fy ® Fy = 2E; & 2F, we see that the totally symmetric
representation A; of Dy is absent. Therefore, there are no electric dipole transitions within
the four dimensional subspace in the absence of SOI.

As in the previous two cases, the coupling of the spin Hamiltonian to electric field comes
via modification of the spin Hamiltonian parameters. If only the modification of the isotropic
exchange Hamiltonian is taken into account, the spin-electric Hamiltonian takes the same
form as in Eq. (5.7), with 6J;;11(E) = dEcos(2in/5+80), i = 1...5. The parameter d
quantifies the electric dipole coupling of each of the bonds and 6 is the angle between the
electric field E and the bond s; — s. Note that d is in principle non zero in Ds point
group symmetry. However, the matrix elements of the spin-electric Hamiltonian within the
lowest quadruplet are all zero, i.e. <wg€:)1/2,M‘5He*d(E)|wé’i)1/2,M’> = 0. This means that
electric field has no effect on the lowest quadruplet, as found out also by purely symmetry
arguments. Therefore, we may expect that the spin-electric coupling in pentagonal spin
molecule is caused by SO effects.

Double valued group s = 1/2 pentagon

Double valued group analysis allows identifying of the level structure and the allowed transi-
tions in the presence of SOI and magnetic fields. The lowest four states in the double group
Dy are described by the two dimensional irreducible representations £} ~ (| — 1/2),[1/2))
and E] ~ (| —3/2),|3/2)), respectively. Since both the magnetic y and electric d dipoles
transform as E; in Dj, both electric and electric transitions will take place between the
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same pair of states. The products of the irreducible representations that labels the states
in the low-energy quadruplet read: E; ® Eé’ = E, & Es, E; ® E; = A @ A ® EF; and
E,® E, = Ay ® Ay ® E5. These equalities imply the same selection rules in the lowest
subspace as for the spin triangle case: AM = £2 (| £1/2) <> | F 3/2)) for electric dipole
transitions, and AM = +£1 (| £1/2) <> | F1/2) and | £1/2) <> | £ 3/2)), for the magnetic
ones.

The main feature of pentagonal spin ring is the absence of electric dipole transitions in
the lowest quadruplet in the absence of SOI. This is to be contrasted to the spin triangle
case, where spin-electric coupling exists in the ground state even in the absence of SOI. This
feature finds its explanation from the interplay between the selection rules for electric field
transitions and the ones for the SOI. In fact, these selection rules are by no means different
from the triangular spin rings. Since the ground state is spanned by four states with chirality
C, = 1,4 and spin S, = £1/2, we see that the condition AC, = +1 for the electric field
transitions implies no electric field coupling within the ground state! In the presence of SOI
though, spin electric coupling is still possible, but it will be (D,,/J) times smaller than
in triangles. Spin-electric coupling can arise also via modification of the DM vectors D, ,, .
in electric field. However, the selection rules for this transitions are, like for the triangle,
AC, = 0,£2 and AS, = 0,4+1. This means direct splitting in the ground state, and thus
we expect that for pentagon spin ring the electric dipole response will be much weaker.

5.3 Hubbard model of a molecular nanomagnet

Spin-Hamiltonian models of molecular nanomagnets are based on the assumption that the
spins on magnetic centers are the only relevant degrees of freedom. This assumption of
fully quenched and localized orbitals allows for the relatively simple predictions of spin
structure in the low-energy states of the molecule. However, since the orbital dynamics
plays a crucial role in spin-electric coupling, spin-Hamiltonian models are unable to predict
the corresponding coupling constants. In this Section, we relax the assumption of quenched
and localized orbitals and treat the orbital degrees of freedom of electrons on magnetic ions
within a Hubbard model. This provides an intuitive picture of spin-electric coupling in terms
of the deformation of the molecular orbitals induced by the external field. Besides, in the
limit of strong quenching of the orbitals, the Hubbard model reproduces a spin Hamiltonian,
similar to the results found in the studies of cuprates [164-166] and multiferroics [167,168|.
In particular, we find the relation between modifications of the electronic hopping matrix
elements induced by the field and that of the spin-electric coupling in the spin Hamiltonian,
thus providing a guide for the estimate of the size of spin-electric coupling in a molecule.

The outline of the present Section is the following. In Subsection 5.3.1, we introduce
the Hubbard model of a spin chain with the shape of regular n-tangon, and derive the
resulting symmetry constraints for the hopping parameters. In Subsection 5.3.2 we assume
a direct electron hopping between magnetic sites, and derive the spin Hamiltonian of a spin
triangle from the Hubbard model, in the limit of large on-site repulsions; we thus express the
coupling to electric fields in terms of the Hubbard-model parameters. In Subsection 5.3.3,
we introduce a Hubbard model of a magnetic coupling in the case where this is mediated by
a non-magnetic bridge between the magnetic centers; also in this case, we find a connection
between the modification of the bridge and spin-electric coupling.
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5.3.1 Parameters of the Hubbard model of molecular nanomagnets

Magnetic properties of molecular nanomagnets are governed by the spin state of few elec-
trons in the highest partially occupied atomic orbitals, split by the molecular field. The
spin density is localized on the magnetic centers [169]|, and thus the low-energy magnetic
properties are correctly described by quantum models of interacting localized spins [170,171].

The response of molecular nanomagnets to electric fields, as a matter of principle, does
not have to be governed by the electrons occupying the same orbitals that determine the
molecule’s spin. However, the quantum control of single molecule magnets by electric fields
depends on the electrons that both react to electric fields and produce the magnetic response.
Therefore, the models of molecular nanomagnets that consider only few orbitals can provide
useful information about the electric control of spins.

Hubbard model provides a simplified description of orbital degrees of freedom by includ-
ing only one or few localized orbitals on each magnetic center. Furthermore, the interaction
between electrons is accounted for only by introducing the energies of the atomic configura-
tions with different occupation numbers. The Hubbard model of the MN is given by:

N
I (wm Py ,w) (st hoc,
Ly A

+ > Uj (nye,n) -

J

Hy =

(5.25)

where c;r-g (c;,) creates (annihilates) an electron with spin o =t,] on the orbital localized
on jth atom, and n;, = c;cho is the corresponding number operator. Model parameters

U;, describe the energy of nj) spin up(down) electrons electrons on the site j. Hopping
parameters t;;, P;; describe the spin-independent and spin-dependent hopping between sites
7 and 7.

We assume that the largest energy scale is the splitting between the energy of the high-
est occupied atomic orbital and lowest unoccupied one, induced by the molecular crystal
field: this justifies the inclusion of one orbital only for each magnetic center. The on-site
repulsion energy is the next largest energy scale in the problem, being U; larger than the
hopping coefficients. Amongst these, processes involving states of different spin, mediated
by spin-orbit interaction, are described by the x and y components of P;;. The parameters
P;;.., instead, describe the difference of the hopping matrix elements between spin-up and
spin-down electrons. In the following, we shall consider both the case where electron hop-
ping takes place directly between neighboring magnetic ions and that where the magnetic
interaction is mediated by bridges of non-magnetic atoms. The Hubbard Hamiltonian can
be approximated by a spin Hamiltonian model in the limit |¢;;], |P;;| < U;. The symmetry
constraints on the spin Hamiltonian parameters can be deduced from those on the Hubbard
model parameters [164|. If the spin-independent hopping dominates (|t| > |P|), the result-
ing spin Hamiltonian will contain the Heisenberg exchange terms and a small additional
spin-anisotropic interaction. If |¢| 2 |P|, the size of spin-dependent interactions in the spin
Hamiltonian will be comparable to the Heisenberg terms. Both these cases appear in the
molecule nanomagnets (46,162,172, 173|.

Symmetry of the molecule imposes constraints to the Hubbard model, thus reducing the
number of free parameters. The on-site repulsion parameters U; are equal for all equivalent
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magnetic ions. In the molecules of the form of regular n-tagon, all of the spin-independent
hopping parameters are equal, due to the C),, symmetry. The spin-dependent hopping el-
ements are related by both the full symmetry of the molecule and the local symmetry of
localized orbitals. For example, in the case of localized orbitals in a regular polygon that
are invariant under the local symmetry group of the magnetic center,

2m(] — k
Pjjt1 = exp [Z¥} Pygti:z, (5.26)

with the convention that site n + 1 coincides with site 1. In this case, there is only one free
parameter that determines all of the P, matrix elements. Therefore, the regular n—tagon
molecule in the absence of external electric and magnetic fields can be described by a Hub-
bard model, with five independent parameters: U, t, P15. In addition, the o, symmetry, if
present will impose P15 = pe,, thus reducing the number of free parameters to three.

5.3.2 Hubbard model of the spin triangle: direct exchange

In this Subsection we give a brief description of the Hubbard model for a triangular molecule
with Ds, symmetry. In this model we assume only direct coupling between the magnetic
centers, thus no bridge in-between. Even so, this simplified model catches the main features
of the effective spin Hamiltonian and gives the microscopic mechanisms for the spin-electric
coupling. The Hamiltonian describing the electrons in the triangular molecule reads

Hi = [Z clo(t + i0As0)Cit1,0 + h.c.

1,0

1
+ Z (Eonw + §Uniania> ) (5.27)

1,0

where Agp = p = P;;-e, is the spin-orbit parameter (only one), € is the on-site orbital energy,
and U is the on-site Coulomb repulsion energy. As stated before, typically Aso, |t| < U,
which allows for a perturbative treatment of the hopping and spin-orbit Hamiltonians. These
assumptions agree well with the numerical calculations performed in [169].

The perturbation theory program involves the unperturbed states of the system. The
first set of unperturbed states are the one-electron states

[¢7) = cl,10), (5.28)
while the three-electron states split in two categories: (i) the site singly occupied states
3

7)) =] s, 10, (5.29)

Jj=1

with o; = o for j # k and 0; = 7, for j = k, and (ii) the double-occupied sites

ngp) = CLTCltiCLa’O% (530>
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with £k =1,2,3 and p # k.

The states in Eqgs. (5.28), (5.35) and (5.30) are degenerate with energies F = €y, E = 3¢
and F = 3¢y + U, respectively. Note that these state are eigenstates of the Hamiltonian in
Eq. (5.27) only in the absence of tunneling and SOI.

The above defined states are not yet adapted to the symmetry of the system, i.e. they are
not basis states of the corresponding irreducible representations of D3, point group. Finding
these states is required by the fact that the symmetry of the molecule is made visible through
the hopping and SOI terms in the Hubbard Hamiltonian. This is accomplished by using
projector operators [163]. We obtain for the one-electron symmetry adapted states.

0%) = %ihﬂ;’% (5.31)

6%,) = IZ ), (5.32)

(5.33)

where A}, and FE/. are one-dimensional and two-dimensional irreducible representations in
Day,, respectively. Similarly, the symmetry adapted states with the singly-occupied magnetic
centers read:

i) = % Z [¥7), (5.34)

i) = IZ 2 w7, (5.35)

while the symmetry adapted states of the doubly—occupled magnetic centers read:

Wi ) = waz + [05) (5.36)
Vi) = IZ a)+ 1), (5.37)

930) = IZ va)) (5.38)

The tunneling and SOI mixes the singly-occupied and doubly-occupied states. Since
both the tunneling and SOI terms in the Hubbard Hamiltonian transform as the totally
symmetric irreducible representation A} in Dgy,, only states transforming according to the
same irreducible representations I' mix. We obtain the perturbed in first order in ¢/U and
)‘SO:

@) = ), (5.39)
E—L)(txtoA
o) = oy + 2R
36(t:i:0)\so)|q/} > (540)

V2U
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Figure 5.4: Spin-Hamiltonian limit. Expectation values of chirality (C.,) (full lines) and the
their bounds of uncertainty (C,)+AC, (dotted lines), see text, in the low-energy states of the
Hubbard model, as a function of the on-site repulsion U, at the fixed hopping matrix element
t =1 (left scale). The dashed line shows dependence of the double occupancy probability in
the ground state on the right scale. The spin-Hamiltonian description becomes accurate in
the U — oo limit. The approach to this limit is slow, and the double occupancy probability
is proportional to t/U.

Doubly occupied states become high in energy when |¢|/U, A\so/U < 1. In this limit, the
orbital states are quenched into singly-occupied localized atomic orbitals, and low-energy
behavior is determined by spin and described by a spin Hamiltonian. In this limit the states
in Eq. (5.35) are exactly the same chiral states in the spin Hamiltonian, i.e |¢Ei> |¢ >

and W}l‘é ) = |wc(,0)). The probability of finding two electrons at the same site decays as
1/U. The lowest energy states have total spin S = 1/2 and the chirality C, = £1, and the
fluctuations of chirality AC, = /(C?) — (C,)? in the eigenstates vanish, see Fig. 5.4. The
chiral states emerge as the eigenstates in the large-U limit, when the system is well described
by the spin Hamiltonian.

The coupling of the molecule to an external electric field E takes place via two mecha-
nisms. The first one implies modification of the on-site single particle energies ¢, and leads
to the following electric-dipole coupling Hamiltonian

E,
H«Sfd = —ez \/_010(310 — 5 (% + FE ) CouCo0

E

with a being the geometrical distance between the magnetic ions and FE,, the in-plane
components of the electric field. The second mechanism is due to modification of the hopping
parameters t;;,1 in electric field and gives

Hy g = ZthrlC;rgCiJrlm (5.42)

1,0

where tf | = (®;,| —er-E|®,,,) are new hopping parameters induced solely by the electric
field E, and ®,, are the Wannier states localized on the magnetic centers. We can write
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the E-induced hoppings as &, = D gmayr Git1 Egy With giip1 = (@] — eq|®iy1,) being
electric dipole matrix elements between the 2 and 7 + 1 ions. These matrix elements are not
all independent, symmetry alone reducing drastically the number of independent electric
dipole parameters. In order to find suitable independent free parameters, we switch from
the description in terms of localized Wannier orbitals ®;,, to the description in terms of
symmetry adapted states , namely from g1 to ¢rp = (éro|q|¢p,), where I' = A}, E'.. In
the basis of symmetry adapted states, the components g satisfy a number of relations. In
particular, we find:

(O] —ex|oh) = (%] —eyldl) = (0F, | — ezl ) =0 (5.43)
(0% | — ex|of ) (0%, | — eyldh ) = (0% | —eylon ) =0, (5.44)
(0%, | —ex[of ) = —i(d% | —eyldh ) =der (5.45)
(O | —exldh) = (94| —exldh ) = —i{o | — eyl )

= W% | — ey|dF ) = dap. (5.46)

These relations reduce the number of free coupling constants to two, namely drpg and dag.

It is instructive to write first the relation between the second quantized operators ¢_(c;,)
and ¢l (cro), which create (annihilate) electrons in localized and symmetry adapted states,
respectively:

CL, 1 f

1 € Cato
1
c;U = ﬁ 1 € € cJEE;J : (5.47)
c;, 1 e 1 cg, "

With these expressions at hand, we can write the electric dipole Hamiltonian together with
the spin-orbit Hamiltonian in the following form:

—z'ea\/§ _
Hg_d = —5 Z (ECE;JCAEU — GECTELUCA’la

[

+ GECE,_UCE;U) + H.c., (5.48)
Hel,d = ZdAE(ECL’laCE;U — ECT%JCE’_U)
+ EdEECESrUCEQU + H.c., (5.49)

Hso = \/3)\80 Z U(C}LELTCE',T - C}LE;TCE;T)’ (550)

where £ = E, +iE,(E = E, — iE,). The symmetry adapted states can also be expressed
in terms of the symmetry adapted operators c}. The expressions for these states are shown
in Appendix A. Using these states, we can compute all the matrix elements corresponding
to the electric dipole and SOI Hamiltonian, respectively. The explicit form of these matrix
elements can be found in Appendix B.
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We now compute the electric dipole matrix elements between the perturbed chiral states
of the E' symmetry. The question is to what order in t/U and/or eFa(dgp,dar)/U we
want to do it. We use the relations |ea| > dgg,dag, which hold in the case of localized
orbitals. This leads us to the following matrix element of the electric dipole in the ground
state:

t3
(7 [HY 4|®7 )] o meEa, (5.51)
- +
4t
(@ |11r;_d|<1>};:+ N EEdEE. (5.52)

We now relate the SOI matrix elements to the DM vectors in the effective spin-Hamiltonian.
In D3j symmetry, the DM term reads

D, - i Qitl i Qi+l
Hso = = ;(s+s_ — 515, (5.53)

which gives rise to the following non-zero matrix elements,

V3D,
2

(@1, [Hso|®},) = ¥ sign(o), (5.54)

and allows us to make the following identification

5)\50t
U

We see that this SOI term acts exactly as the 'microscopic’ SOI derived before: it splits the
chiral states, but it does not mix them.

The Hubbard model with spin-orbit coupling can reproduce the energy-level structure of
the spin Hamiltonian. In the limit of strong on-site repulsion |t|/U < 1, the atomic orbitals
in the triangle vertices are occupied by one electron each. The lowest energy manifold
consists of four states with the total spin Sy, = 1/2. These states are split from the next
four-level Sio; = 3/2 manifold by a gap of the order of ¢*/U.

D,

. (5.55)

5.3.3 Superexchange in molecular bonds

In this Subsection, we use the Hubbard model to deduce the dependence of the spin Hamil-
tonian of MNs on the external electric fields in the case where the coupling between magnetic
sites is mediated by a non-magnetic bridge. In particular, we study how the parameters of
the effective spin Hamiltonian depend on the hopping matrix elements that are modified
by the presence of an electric field. This method was successfully applied in the studies of
strongly correlated electrons, like cuprates [166] and multiferroics [168].

In order to describe the magnetic coupling, we consider a pair of sites corresponding to
the magnetic centers and a bridge site. Since the direct overlap of the orbitals localized
on the magnetic centers is small, we set the direct hopping between the magnetic centers
to zero, but allow for the hopping of electrons between the magnetic sites and the bridge
site. This hopping gives rise to superexchange interaction between the spins on the magnetic
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Cav = Cop Cop = Cyppy

Figure 5.5: Geometry of the bond and reduction of symmetry. (a) Electric field E in y
direction, leaves the Cy, symmetry unbroken. (b) An electric field E in z-direction, normal
to the bond plane, reduces the symmetry to {E£,0,}. (¢) An electric field E in z-direction,
along the line connecting the magnetic centers, reduces the symmetry to {E£,05,}. (d) In an
inhomogeneous staggered electric field E, the reduced symmetry group is {E, R, . }.

sites [164]. In the limit of strong on-site repulsions, the effective Hamiltonian in the lowest
energy sector of the bond corresponds to a spin Hamiltonian where the coupling strengths are
determined by the Hubbard model parameters. This correspondence provides an intuitive
picture of the mechanism that leads to the interaction between the spins. It also allows us
to infer the properties of the molecule that lead to a strong spin-electric coupling, e.g., the
delocalization of the orbitals and their local symmetry.

The Hubbard Hamiltonian of the bond is given by

P
H,, :Z {cja (ti(saﬂ " 221 -aa@) by +h.c}

i,a3
+ Ur(ny) 4+ Usz(ne) + Up(ny),

(5.56)

where the indices 1 and 2 refer to the magnetic sites, and b refers to the bridge site. We derive
the spin Hamiltonian by fourth-order Schrieffer-Wolff transformation of the Hamiltonian Hjy,
(5.56).

The Schrieffer-Wolf transformation [174] of the bond Hamiltonian Hy, = Hy+ Hyuy (5.56),
where the unperturbed Hamiltonian Hy = Uy(ny) + Ua(ny) + Uy(np) produces an effective
low energy Hamiltonian Hi, that approximately describes the low-energy dynamics of the
bond. The effective Hamiltonian is

Hiy = Pe® Hye 5P, (5.57)

where the antiunitary operator S is chosen so that the low-energy space of Hy is decoupled
from the high-energy space. This operator is found iteratively, S = SM 4+ 8@ + ... so
that the nth order transformation S removes the terms that couple the low- and high-
energy states up to order n. The projector P projects to the low-energy states. In our
system, the lowest order Schrieffer-Wolff transformation that gives a nontrivial contribution
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to the low-energy spin Hamiltonian is of fourth order, and the operator S is approximated
as S ~ Zizl S,

The unperturbed Hamiltonian, Hy = Uy + Us + U,,, describes localized electrons, and the
hopping Hy,, acts as perturbation. The low-energy subspace of the unperturbed Hamiltonian
is spanned by the states in which the magnetic ions are singly occupied, and the bridge is
doubly occupied. The lowest-order terms that give rise to a nontrivial spin Hamiltonian, in
the limit |¢], |P| < U, are of the fourth order in ¢ and P.

The resulting interaction of the spins includes an isotropic exchange of strength J, a
Dzyalozhinsky-Moriya interaction described by a vector D, and an anisotropic exchange
term described by a second rank symmetric traceless tensor I' [175]

H12 = JSl : 82 +D- (Sl X SQ) -+ Sl . FSQ (558)

Quite generally the interaction between two spins up to second order in P15 can be rep-
resented as an isotropic exchange of rotated spins [166]. However, since the frustration in
the triangle is strong, it is a good approximation to take only the Dzyalozhinsky-Moriya
interaction into account for the weak spin-orbit coupling, |Pis| < |t12| when describing a
full molecule.

In a bond with a single bridge site, the largest possible symmetry is Cy,. We introduce
Cartesian coordinates with the z-axis pointing from the magnetic center 1 to 2, y-axis lying
in the bond plane and pointing towards the bridge site, and the z-axis normal to the bond
plane (Fig. 5.5). The elements of the Cs,, symmetry group are then rotation R, . by 7 about
the y-axis, reflection o, in the yz plane, and reflection o, in the zy plane. Each of these
symmetry operations present imposes constraints on the parameters of Hy. In the case of
localized orbitals that remain invariant under the local symmetries of their respective sites,
the constraints resulting from the R, . symmetry are:

tl t?a (559)
Pp1=—Ppp, (5.60)
Py1=Pya, (5.61)
P.y=—F.» (5.62)
The o, symmetry implies:

t1 = to, (5.63)
P,1=P,o, (5.64)
Py1=—Pyp, (5.65)
P.i=—P.,, (5.66)

and the o, symmetry implies:
P1 = _P2 = pe,. (567)

In the perturbative calculation of the effective spin Hamiltonian parameters, these con-
straints reproduce the Dzyalozhinsky-Moriya rules. We do not deal with the symmetry of
on-site energies U 21, in any detail, since they do not affect the spin Hamiltonian at this
level of approximation.
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5.3.4 Electric field along y

In the electric field pointing along the y axis, the point group symmetry of the bridge
remains Cs,, and all of the constraints (5.60) — (5.67) hold. The fourth-order Schrieffer-
Wolff transformation then gives the interaction between the spins on magnetic centers of the
form (5.58) with the parameters

T =5 (48t* — 40t*p? + 3p?) | (5.68)

2
D = —ip. (4% = p?) e, (5.69)
me = Fyy == —ifzz == _ﬁt D, (570)

while all the off-diagonal elements of I" vanish. Here, the parameters of the Hubbard model
satisfy the symmetry constraints of the full Cy,, and

ty =ty =1, (5.71)
P1 = —PQ = P:€,. (572)

We have introduced U? = Uey(2Ucy — Uz) (Up1 — Upa + Ueo)?/(4Ugs — Uy), where the on-site
repulsions are Uy for the doubly occupied bridge, Uy for the singly occupied bridge, and
U for the doubly occupied magnetic center. The parameter U describes the energy cost of
leaving the manifold of states with the minimal energy of Coulomb repulsion. We assume
that the lowest energy charge configuration corresponds to a doubly occupied bridge, so that
Upz < Ups.

In first order, the variations of the spin-Hamiltonian parameters resulting from the mod-
ification of the Hubbard model parameters, are:

1

0 = =5 [(4867 = 20tp2) 6t + (=206%p. + 3pE) op.] . (5.73)
2
OD: = 7 [(12%p. — p2) 6t + (4¢° — 3tp?) bp-] , (5.74)
or..  16tp.
Oy =60y, = — 5 = T3 (p.0t + tdp,) . (5.75)

Electric field modifies the orbitals and therefore the overlaps between them, that determine
the hopping parameters. We consider the case where the variations 0t and dp, are linear in
the field intensity F,: 6t = kE,, 0p, = Kp_ L,. We will not discuss the effect of variations in
the on-site energies U in any details, since their only effect in the fourth order perturbation
is a rescaling of all the spin Hamiltonian parameters by U?/(U + §U)3.

We stress that these linear modifications of the hopping parameters are characteristic
for the Cy, symmetry. If the electric field is oriented differently and thus lowers the system
symmetry (see below) first-order increments are not allowed, and the spin-electric coupling
is at least a second order effect in the electric field. The modification of the orbitals includes
the energy scale of splitting of the atomic orbitals in the molecular field. We have assumed
earlier that the splitting of the orbitals localized on the magnetic centers is large, and
the dominant source of the spin-electric coupling is the modification of the bridge orbital.
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Therefore, the key criterion for strong spin-electric coupling is the presence of bridge orbitals
that are weakly split in the molecular field. If, in addition, we assume that the modification
is a property of the bond alone, and not of the entire molecule, the x parameters can be
determined in an ab-initio calculations on a smaller collection of atoms.

In the limit of weak spin-orbit coupling, |t| > |p.|, the main effect of the electric fields
is a change of J, leading to our symmetry-based results, see Eq.5.15. In particular, the d
parameter of the symmetry analysis is:

i=2 [(48t% — 20tp?) ky+

i (5.76)
(—20t%p. + 3p2) k-] -

In this case, the Dzyalozhinsky-Moriya vector D is constraint to point in the z direction,
D = De,. The model suggests that the dominant effect of the electric field in the molecules
with dominant Heisenberg exchange (J > |D|) is modification of the isotropic exchange
constants .J, and

| D]

o1 I
so that the modification of the Dzyalozhinsky-Moriya vector D — D + 6D is weaker. How-
ever, in the molecules in which the modifications of J are inefficient in inducing the spin-
electric coupling, as for example in the spin-1/2 pentagon, the modifications of D may
eventually provide the main contribution to the spin-electric coupling.

Electric field pointing in a generic direction breaks the Cs, symmetry of the bridge, and
allows further modification of the Hubbard and spin Hamiltonian parameters, that do not
obey all the symmetry constraints in Eqs. (5.59) — (5.67). With the relaxed constraints,
both the direction and intensity of P 5, as well as the spin-independent hoppings ¢; » become
field-dependent. This observation can be used in the search for molecules that show strong
spin-electric coupling. The energy cost of changing the distance between the localized orbitals
may be significantly higher than the cost of modifying the shape of the bridge orbital. In
order to investigate this dependence, we study the effective spin Hamiltonian description of
a bridge with all possible residual symmetries.

(5.77)

Residual 0, symmetry

An electric field E = Fe, normal to the bond’s plane reduces the initial C,, symmetry down
to {F,0,}. This reduction of the symmetry also happens when a molecule is deposited on the
surface parallel to the bond plane. While the constraints in Eq. 5.67 hold, this reduction of
symmetry implies the appearance of nonzero in-plane components of P 5. We parameterize
the most general Hubbard model parameters ¢, 5, P 2 consistent with the symmetry as

o=ty =, (5.78)
Py = Py = pgycos o, (5'79)
Py = =Py = paysing, (5.80)
P,=—-F,=p.. (5.81)

The effective low energy spin Hamiltonian, derived by Schrieffer-Wolff transformation up to
fourth order in ¢/U, and |P|/U is given by (5.58), with the non-zero parameters
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1
o oty = 2+ =88 (1 4 9 (552)
+-48t* — Spiy (pz — 4t2) cos 2¢ + Qpiy cos 4¢] ,
D, = —% (p>cos ¢ + 2t sin¢) (—p? + 4¢* + piy cos2¢) , (5.83)
1 :
D, = ~58 (4tp. — p3, sin2¢) (p2 — 4t° — p2, cos 2¢) (5.84)
1
I, = G0 [piy (1 — cos2¢) + ng} [8t2 + piy (1 + cos ng” , (5.85)
1
—i—piy [8 (p? — 4t7) cos 2 + piy cos4¢ + 48tp, sin2¢] }
. =T, = ’% (p. cos ¢ + 2t sin @) (—4tp, + p2, sin 20) (5.87)
I.. = T4 — Ly (5.88)

In the lowest order in spin-orbit coupling the spin interaction consists of the isotropic
exchange with J & 4t*/U?, and the DM interaction with D ~ —8t*(p,, sin ¢e, + p.e,)/U>.

As a matter of principle, the spin-orbit coupling mediated hopping P does not have to
be much weaker than the spin-independent hopping ¢. In this case, all the nonzero terms
in Egs. (5.82) — (5.88) are of comparable size, and the variation of spin Hamiltonian with
the angle ¢ becomes significant. Note that the angle ¢ describes the directions of spin-
orbit coupling induced hopping parameters P; o, and that it is not directly connected to
the bond angle between the magnetic sites and the bridge site. However, for the bridge
orbital without azimuthal symmetry, the angle ¢ does depend on the bond angle. For the
molecules in which the full symmetry allows only for the spin-electric coupling mediated by
the spin-orbit interaction, this effect is important.

With these assumptions, the dependence of the effective spin Hamiltonian on p,, sug-
gests that the strength of induced in-plane Dzyalozhinsky-Moriya vector will be sensitive
to the angle ¢ that is determined by the angular dependence of the bridge- and magnetic
center orbitals. In turn, for a fixed symmetry of the bridge orbital, this dependence directly
translates into the dependence of the spin-electric coupling constant on the bridge bond
angle.

In the presence of electric field E = Fe,, the hopping parameters will change from
their initial values, that satisfy the constraints implied by the C,, symmetry, into a set of
values that satisfy those implied by o, only. The resulting change in the spin-Hamiltonian
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parameters reads:

1
07 = oo [Ato (1265 — 5py) Ot (5.89)
+p.0 (—2065 + 3p%y) Op.]
1 .
6D, = ~s (4t8 = pzo) (2t sin ¢ + p.o cos @) 6Py, (5.90)
2
0D: = 75 [p=0 (1265 — ) t (5.91)
+to (4t(2) - 3p20) 5pz} )
1
6T, = 0T, = —50T. = (5.92)
16
— ﬁtopzo (p200t + todp.)
4
5Fy2 = 5P2y = —mtopzo <2t0 sin (;5 -+ Pz0 COS gb) 5pmy (593)

The o,-symmetric variations of Hubbard parameters occur when an external electric
field is applied along the z direction to a Cs, symmetric bond. Again, the variations of
the parameters is generically linear in the field strength, 0t = ki ,oEs, Doy = KpayouvEs,
0D = Kpz.ovlls, where the xk parameters depend on the modification of the bridge orbital in
the electric field. As opposed to the case of the field along y direction that maintains the
bonds Cy, symmetry, the x parameters for the field along 2z axis vanish in zero field, since
the z-component of a vector has no matrix elements between the relevant Cs,-symmetric
states. The linear expansion is valid when the field is strong enough to distort the bridge
orbital. Alternatively, the expansion is valid for a bond with lower symmetry in zero electric
field, e. g., when the bond is close to a surface.

Residual 0, symmetry

In an electric field that lies in plane of the bond, with E || x), the only residual symmetry
transformation is the reflection about the zy plane (o). Within this reduced symmetry,
the two magnetic sites are no longer equivalent, but the spin-dependent hopping parameters
P, , still point along the z axis:

tl 7& tg, P1 = pi1€; 7é poe, = PQ. (594)

In the fourth order in hopping ¢, P, the resulting low energy spin Hamiltonian is again
given by Eq. 5.58, with the following non-zero coupling constants:

1
J = 32t1tap1.p2 5.95
1203 [32t1t2p12p2 ( )
—4 (t1p5, + 13p7.) + 48t7t5 + 3pT.ps.] |
1
D= s (t1pa: — top1s) (4tity + prap2s) €., (5.96)
Pzz 2
Fxx = Fyy = - 9 = _ﬁ <t1p2z - Zprlz) s (597)
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Similarly to the case of full Cy, symmetry, the spin Hamiltonian consists of the isotopic
exchange J, Dzyalozhinsky-Moriya vector D = D,z normal to the bond plane, and diagonal
tensor I' isotropic in the bond plane (I';, = I'y,). We stress that the dependence of the
effective spin Hamiltonian parameters on those entering the spin Hubbard Hamiltonian is
different for these two symmetries, and so is the response to the applied electric field. On one
hand, the C,, preserving electric field induces the transitions in the lowest energy multiplet
in the lowest order. On the other hand, the electric field that reduces the bond symmetry
to {E,0,,} does not alter the coupling of spins in the lowest order, since the deformation of
the molecule requires some coupling to the field.

As in previous case, we expand the o, symmetric spin Hamiltonian around the Cs,
symmetric case. We introduce a perturbation of the parameters Hubbard parameters in the
electric field consistent with the residual symmetry: t; = tg+9tq, to = to+0dta, p1. = p.o+0p1s,

P2. = —Pso + Op2.. As a consequence, the spin Hamiltonian parameters are incremented by:
5.J :% [4to (125 — 5p2y) (0t1 + 6ts) (5.98)
+P20 (—QOt(Z) + 3]720) (0p1z — 5p2z)] ;
5D. z% [paoto (12t — puo) (11 + 3ta) (5.99)
+to (41% — 3p§0) (0p1, — 5p22)] ,
Ty =0T, = o = (5.100)
- %topzo [p20 (6t1 + 6t2) + to (Op1. — Op2z)] -

As for the case of o, residual symmetry, there is no spin-electric effect of the first order in
electric field, and the crucial condition for coupling to the electric field in this direction is
weak splitting of the bridge orbitals in the molecular field.

Residual R, symmetry

Reduction of the symmetry of the bond, from the full Cy, to the group {E, R, .}, does not
occur for any vector perturbation. In terms of electric fields, this reduction of the symmetry
would correspond to an inhomogeneous electric field that points in the e, direction at the
position of one of the magnetic centers, and in the —e, direction at the position of the
other. This symmetry breaking can also happen when the localized orbitals on the magnetic
centers have lobes of opposite signs extending in the z-direction, and oriented opposite to
each other.

The most general Hubbard model parameters consistent with the residual symmetry are

o=ty =t (5.101)
Py = =Py = pgy cos @, (5.102)
Py, = Py, = pyysin ¢, (5.103)
P, =Py, =p.. (5.104)

After the fourth-order Schrieffer-Wolff transformation, the effective low-energy spin Hamil-
tonian has the form (5.58) with nonzero parameters
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1

= o5 (Pay — 202,02 + 3p2 — 817 (41, + 5p?) + 487 (5.105)
+8piy (pz — 4t2) cos 2¢ + 2piy cos 4¢) ,
1
D, = mpzy (=2t cos ¢ + p, sin @) ( — 4% + pxy cos 2¢) (5.106)
1 2
D, = —5075 (4tp. + pwy sin2¢) (p? — 4t° + pxy cos2¢) , (5.107)
1 4 2 2 2 (2 2
law = 12073 (_pﬂcy + szypz + 32t (pxy - pz) (5.108)
+po26y (=8 (p2 — 4t%) cos 2¢ + piy cos4¢ — 48tp, sin2¢)) ,
1 ) '
Ir,,=I,.= ﬁpxy (2t cos ¢ — p, sin ¢) (4tpz + piy sin 2gz5) , (5.109)
1
Ly = 575 (Pay (14 c0s20) +2p7) (pi, (=1 4 cos 29) — 81°) (5.110)
[ew=—Tuw =Ty = I (—psy + 202,07 + 8t% (p2, — 4p2) (5.111)

+p2, (=2 (p2 — 47) cos 26 + p3, cos dg — 24tp, sin 26) ) .

The expansion from the Cy, symmetric case gives (see the discussion of the o, residual
symmetry in Subsection 5.3.4):

57 = 3[1]3 (4t (1262 — 5p2,) 6t + pao (2062 + 392, 6p.] (5.112)
0D, —% (4t2 pzo) (2tg cos g — po sin ¢g) 0Py, (5.113)
3D = [peo (126 = ) 3t 4 to (473 — 3924 bpo]. (5.114)
GT s =0Ty = — 30T = —Copeaty (peodt + fudp-), (5.115)
or,, =0T, = ;3 top=0 (2to €OS g — D20 SIN Pp) Py (5.116)

As in the case of o, symmetry, the resulting interaction of the spins on magnetic centers
becomes dependent on the angle ¢ between the two P parameters. This dependence is
pronounced in the case of strong spin-orbit coupling and can lead to the dependence of
spin-electric effects on both the geometry of the bond and the shape of the bridge orbital.

5.3.5 Bond modification and symmetries

Spin-electric coupling induced by the superexchange through bridge atoms depends on the
symmetry of the bridge and the direction of the electric field. This symmetry reflects on
the resulting coupling of spins in an MN. In this subsection, we combine the results of the
Hubbard model study of the individual bonds with the previous symmetry considerations,
and provide rough estimates of the most promising spin-electric coupling mechanism in the
triangular and pentagonal molecules.
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The spin-electric coupling via superexchange is most sensitive to the electric fields that
does not break the initial Cy, local symmetry of the bond. This symmetry corresponds to
the electric field that lies in the plane of the molecule and normal to the bond. All the
other couplings require modification of the bridge orbitals, and are suppressed by a factor
d|E|/Uq, where Uy is on-site repulsion on the bridge. Assuming that this repulsion is strong,
we can model the spin electric coupling as a set of modifications of the spin interactions
dHjjy1 between the neighboring magnetic centers, with ||0H;41|| o< |ELo"|, where Ebond is
the projection of the electric field normal to the bond and lying in the molecule’s plane.

In the triangle, the strongest effects of electric field is modification of exchange couplings
0Jjj+1 = 0Jycos (2jm/3 + ), where the angle 6, describes the orientation of the in-plane
component of the electric field, and §.Jy is a molecule-dependent constant. This modification
leads to a specific coupling of the in-plane components of chirality to the electric field H*T | =
dE' - Cy|, see (5.7). Other types of coupling are suppressed either due to weaker influence
of electric field on the bonds, or due to the symmetry of the molecule. If the spin-electric
coupling is mediated by the spin-orbit interaction, the suppression is by a factor of the order
ID|/J, and if the coupling is mediated by electric field, the suppression factor is d|E|/J.
Assuming the simplest case, the modification of exchange coupling is the most promising
mechanism for spin-electric coupling in triangular molecules.

In the pentagons, the modification of spin-spin interaction dH;;;; preferred by the su-
perexchange mechanism is inefficient in inducing the spin-electric coupling of the molecule.
The pattern 6.J;;41 of exchange coupling constants induced by an external electric field
does not couple the states within the lowest energy manifold. In order to couple the spins
in the pentagon to an external field, another mechanism is needed. The modification of
the Dzyalozhinsky-Moriya vectors dD;, = 6D, cos (2jm/5 4 60y), where 0D, is a molecule-
dependent constant, and 6, describes the orientation of the in-plane component of the electric
field, is preferred by the superexchange bridge model. In the symmetry analysis, we have
found that this form of modification of spin-orbit coupling does not induce spin-electric
coupling. The same applies to the modifications of in-plane components D;,,. The main
effect that gives rise to spin-electric coupling is the modification of the exchange interactions
0Jjj4+1 in the presence of the original spin-orbit interaction Dj;; .. Compared to a triangle
composed out of identical bonds, this interaction will be weaker by a factor of [Djji1]/Jjj+1.

In summary, within our model of the superexchange-mediated spin-electric coupling,
the most promising candidates for the spin manipulation via electric field are triangular
molecules. In pentagons, the best candidates are molecules with strong spin-orbit interaction,
and weakly split bridge orbitals.

5.4 Experimental signatures of the spin-electric coupling

Coherent quantum control of spins in an MN using electric fields can be achieved by resonant
driving of the transitions between the chirality eigenstates [156]. At present, however, little
is known about the effects of electric fields on the spin states of molecular magnets. As
a preliminary step, it is useful to identify possible signatures of such a coupling that are
observable in the experiments routinely used to characterize these systems.

In this section, we study the ways in which the spin-electric coupling can be detected in
electron spin resonance (ESR), in nuclear magnetic resonance (NMR), and in the thermo-
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dynamic measurement of an MN.

5.4.1 Electron spin resonance

Electron spin resonance (ESR) investigates transitions between states belonging to a given
S multiplet and having different spin projections M along the magnetic field direction [32].
This technique provides information on the anisotropies of the spin system, as well as on
the chemical environment, and the spin dynamics [144]. In the following, we show how the
effects of an external electric field can show up in the ESR spectra of antiferromagnetic spin
rings by affecting both the frequency and the oscillator strength of the transitions.

Triangle of s = 1/2 spins

We start by considering the simplest case of interest, namely that of a triangle of s = 1/2
spins with D3, symmetry. The lowest energy eigenstates of the spin triangle, given in Eq.
(5.3) form an S = 1/2. The effective Hamiltonian Heg of the molecule in the presence of
electric and magnetic field, and acting within this quadruplet is given by Eq. (5.15).

We first consider the case of a static magnetic field perpendicular to the molecule’s plane
(B || z). The eigenvalues of Heg are then given by:

2\ = o[B+a(A +EHV, (5.117)
where & = d|E x 2|, B = pup,/giB: + g1 B1, 0 = £1/2 is the eigenvalue of S;, a = £1 is
the the eigenstate chirality in the limit of vanishing electric field: [A2)e—g = (—a)7 /2|, o).
In the presence of electric field, the eigenstates read:

No) = {20[Ag0 + (& + AZo)]| +1,0)
+ £ —1,0)}/D?, (5.118)

where D = {£2 + [Ago + a(E2 + AZp) V22

Electron spin resonance induces transitions between such eigenstates. The transition
amplitudes are given by the absolute values of matrix elements of xz-component of the total
spin, taken between the states that the transition connects,

A2y olSelATTy) = —€/DDT (5.119)
AcnlA 2 A2 \1/2
(A21)2lSel MG j2) = sol SO+(QD(Oi2+ s0) ] (5.120)

The corresponding frequencies are given by:

fi2 = ALy = B (5.121)
Mg = A2y)n = B+ a2+ Adp)'2. (5.122)

As an illustrative example, we plot the frequencies and amplitudes of the ESR transitions
as a function of the electric field (Fig. 5.6). While for £ = 0, these transitions can only
take place between states of equal C, (red and green symbols online, transitions with the
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Figure 5.6: (color online) Energy (w) of the ESR transitions in a triangle of s = 1/2 spins
as a function of the applied electric field E that lies in the molecule’s plane, so that d|E| =
dE = £. The magnetic field is B || z and wy = gupB, see Egs. (5.121) and (5.122). The
diameter of the circles is proportional to the transition amplitudes |(«|S;|a/)|, Egs. (5.119)
and (5.120). Here, |a) are the eigenstates of H in the lowest energy S = 1/2 multiplet.
Inset: Eigenvalues (in units of D.) as a function of £ = d|E||, in units 3D, /4.



5.4. EXPERIMENTAL SIGNATURES OF THE SPIN-ELECTRIC COUPLING 95

larger amplitude at low fields, in the figure and in the inset), the electric field mixes states
of opposite chirality, thus transferring oscillator strength to two further transitions, whose
frequencies are independent of £ (blue symbols online, constant frequency transition in the
figure). In the limit dE > D,, the eigenstates of the spin Hamiltonian tend to coincide
with those of S?%,, and ESR transitions take place between states of equal Sj5. While the
eigenstates depend on the in-plane orientation of the electric field, no such dependence is
present in the frequencies and oscillator strength of the ESR transitions. Besides, these
quantities are independent of the exchange coupling J, and depend on the value of the
applied magnetic field only through an additive constant (wy).

The dependence of the ESR spectrum on the applied electric field is qualitatively different
if the static magnetic field is applied in-plane (e.g., B || x and the oscillating field oriented
along z). In this case, the eigenvalues of H.g are:

pe = acAky+ (€ +aB)?V?, (5.123)

where 0 = £1/2 is the value of (S,) in the limit of large magnetic field (B > &£, Ago) and
«a = *+1. The corresponding eigenstates read:

) = {e”(Aso +pe)ll+1,41/2) — [-1,-1/2)]
+ (B+a&)[|+1,-1/2) — |—1,41/2)]}/D2, (5.124)

where
Dy = V2[(Aso+pg)’ + (B+a&)’]V (5.125)

The expectation values of the total spin along the magnetic field for each of the above
eigenstates are given by the following expressions

(uglSalug) = 2[(Aso + ug)(B — a&)]/(Dg)?, (5.126)

which are independent of the in-plane direction of the electric field. The ESR transitions
between such eigenstates induced by a magnetic field that oscillates along the z direction
are given by the expressions:

N Y Aso + ) (Aso + p™) + (£2 — B?
<ILLO"SZ|’LLO'I > = ( = ILL )( SDOaleO{ ) ( )’

(nalS:lug) = 0. (5.127)

Therefore, the application of the electric field shifts the energy of the transitions between
states of opposite «, thus removing their degeneracy; however, unlike the case B || z, it does
not increase the number of allowed transitions.

In the case of tilted magnetic fields, the dependence of the ESR spectrum on the applied
electric field presents qualitatively different features (Fig. 5.7). In particular, the spectrum
is dominated by two pairs of degenerate transitions that anticross as a function of the electric
field. Away from the anticrossing, the transitions with the largest oscillator strength display
frequency dependence on the electric field.



96CHAPTER 5. SPIN ELECTRIC EFFECTS IN MOLECULAR ANTIFERROMAGNETS

25 - g5/ |
L 70
20 L -75¢ ::Qi
| -80
-85.
15 1 e
N 0 2 4 6 8 o
| i 0000°°° .
~ NN
S 10 M’N
st e -
ok -
N 1 N 1 N 1 N 1 N
0 2 4 6 8 10
4dE / 3DZ

Figure 5.7: Energy (w) of the ESR transitions in a triangle of s = 1/2 spins as a function
of the applied in-plane electric field E, so that d|E| = dE = £, and in the presence of the
in-plane magnetic field B || x. The diameter of the circles is proportional to |(«|S.|a/)|, Egs.
(5.121) and (5.122). The states |«) are the eigenstates of H in the lowest S = 1/2 multiplet.
Inset: Eigenvalues (in units of D) as a function of d|Ej| = £, in units 3D, /4.
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Pentagons of s = 1/2 spins

Triangles of s = 3/2 spins (not shown here) display the same qualitative behavior as the
one discussed above. In contrast, chains including an odd number N > 3 spins behave
differently. This is mainly due to the fact that the spin-electric coupling 6 H does not couple
directly the four eigenstates of H belonging to the lowest S = 1/2 multiplet: such coupling
only takes place through mixing with the higher S = 1/2 multiplet. As a consequence,
the effects of the spin-electric coupling tend to be weaker as compared to the case of the
triangle; besides, unlike the above case of the spin triangle, they depend on the exchange
coupling J. Illustrative numerical results are shown in Figs. 5.8 and 5.9 for the cases
of a perpendicular and in-plane magnetic field, respectively. In the former case, both the
frequencies and amplitude of the ESR transitions are hardly affected by the electric field,
in the same range of physical parameters considered in Fig. 5.6. In the case of an in-plane
magnetic field, instead, a relatively small shift in the transition energies is accompanied by
a strong transfer of the oscillator strength, for values of the spin-electric coupling exceeding
the Dzyalozhinsky-Moriya coupling constant.

5.4.2 Nuclear magnetic resonance

The spin-electric Hamiltonian 6 Hy modifies non uniformly the super-exchange couplings
between neighboring spins. This might not affect the projection of the total spin (as in the
case B || z, see above), but it generally affects the moment distribution within the spin
chain. Such effect can be investigated through experimental techniques that act as local
probes in molecular nanomagnets, such as nuclear magnetic resonance (NMR) [176] or x-ray
absorption [177]. In NMR, the expectation value of a given spin within the cluster can be
inferred through the frequency shift induced on the transitions of the corresponding nucleus.
The shift in the nuclear resonance frequency for the nucleus of the i-th magnetic ion is
Av = vA(s,;), where A is the contact hyperfine interaction constant at the nuclear site.
The constant of proportionality A depends on the spin density at the position of the nucleus,
and can be extracted from the experiment by considering the polarized ground state M = S
at high magnetic fields [176]|. As in the case of ESR, the dependence of the NMR spectra on
the applied electric field qualitatively depends on the orientation of the static magnetic field
B with respect to the molecule. Unlike the case of ESR, however, it also depends on the
in-plane orientation of the electric field, i.e. on the way in which the E breaks the symmetry
of the molecule.

Spin triangles

Let us start by considering a spin s = 1/2 triangle, with a magnetic field applied perpen-
dicular to the molecule plane (B || z). In this case, the distribution of the spin projection
along z is given by the following expression:

(Ao]siz|Ag) = a/3 4+ fF(E) cos| +m(5/3 — i), (5.128)

where

_ 108[Aso + (Ao +E)]

f7(€) = DE (5.129)
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Figure 5.8: Energy (w) of the ESR transitions in a pentagon of s = 1/2 spins as a function
of the electric field applied in the molecule’s plane d|E| = dFE = £. The Zeeman splitting,
wo = gupB is set by the magnetic field B || z, orthogonal to the molecule’s plane. The
considered transitions are those between eigenstates (|«)) belonging to the S = 1/2 multiplet
of the spin Hamiltonian (figure inset). Unlike the case of the spin triangle, these are coupled
to each other by the electric field via eigenstates belonging to other multiplets, and therefore
depends also on the exchange constant J (here J/Ago = 100). The diameter of the circles
is proportional to |(«|S;|a’)|, and therefore to the transition amplitude.
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Figure 5.9: Energy (w) of the ESR transitions in a pentagon of s = 1/2 spins as a function
of the applied in-plane electric field E, so that d|E| = dE = £. The Zeeman splitting is
set by an in-plane magnetic field B || X, and wy = gupB. The considered transitions are
those between eigenstates (|a)) belonging to the S = 1/2 multiplet of the spin Hamiltonian
(figure inset). Unlike the case of the spin triangle, these are coupled to each other by the
electric field via eigenstates belonging to other multiplets, and therefore depends also on the
exchange constant J (here J/Ago = 100). The diameter of the circles is proportional to
|{a|S,|a’}|, and therefore to the transition amplitude.
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Here, the expressions of the eigenstates |[AY) and of D* are given in Subsection 5.4.1. For
E =0, the three spins are equivalent and (AL, [s;:[AS, 5) = £1/6. If the electric field is
finite and oriented along one of the triangle sides (e.g., E || ri2, corresponding to 6 = 0),
then expectation values along z of spins 1 and 2 undergo opposite shifts, whereas that of
spin 3 is left unchanged: Ag(s;.) = —Ag(s2.), where Ag(s;.) = (Si.)E — (Si)E—0. This
is shown in Fig. 5.10 for the ground state of the spin Hamiltonian, but the above relations
hold for any of the four eigenstates |A%) belonging to the S = 1/2 quadruplet. If the
NMR frequency shifts Av; are larger than the corresponding line widths, the single line at
E = 0 splits into three equispaced lines, with intensity ratios 1:1:1. If, instead, the electric
field is applied along a symmetry plane of the triangle (e.g., E L rj,, corresponding to
0 = 7/2), spins 1 and 2 remain equivalent and their magnetic moments display the same
electric field dependence, while the shift of the third one is opposite in sign and twice as
large in absolute value: Ag(s;.) = Ag(s2.) = —Ag(ss.)/3. The intensity ratios of the two
NMR lines are, correspondingly, 1:2. The expectation values for the remaining eigenstates

can be derived by the following equations: AE<)\§1/2|SZ»7Z|)\21/2> = _AE<Ai1/2‘3i,z|Ai1/2>
and (Al]s;.|AL) = —Ag(\;!|si.|\;!). Therefore, at finite temperature, the shifts in the
expectation values of the three spins are given by:
Z h )‘31/2
AE<Si,z> - « Q COS kT (5 130)
1 T\ a : -
A1*3<)‘t1/2|5i72|>‘J:1/2> >, cosh <)\k_‘;ﬁ>

If the field is oriented along the molecule plane (B || x), the expectation value of the
three spins corresponding to each of the eigenstates are given by the following expressions:

(uglsizlig) = g5(€) + (1/3) cos(0 — 2im/3), (5.131)

where
2 (Aso + pg) (B + af)

3 (D*)?
If the magnetic field is parallel to the triangle plane, the in-plane electric field can modify
the total spin expectation value along B. The changes that E induces in the magnetization
distribution within the triangle at zero temperature are less varied than in the previous case
(Fig. 5.10). In fact, the magnitude of the Ag(s; .) is much smaller, and all the spins undergo
shifts of equal sign and slope. The NMR line, which is slitted into three lines already for
E =0, is rigidly by the applied electric field.

If the triangle is formed by half-integer spins s > 1/2, an analogous dependence of the

expectation values (s; ,) on the electric field is found. As an illustrative example, we report
in Fig. 5.11 the case of s = 3/2.

go(€) = (5.132)

Pentagon of s = 1/2 spins

Spin chains consisting of an odd number of half-integer spins present analogous behaviors,
but also meaningful differences with respect to the case of the spin triangle. In particular,
the spin-electric Hamiltonian § Hy does not couple states belonging to the lowest S = 1/2
quadruplet directly (i.e., matrix elements (i|0Hy|j) = 0 for ¢,j < 4); these couplings are
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Figure 5.10: (Color online) Expectation values of the z-component of s = 1/2 spins in a
triangular molecule as a function of applied electric field. The magnetic field is perpendicular
to the ring plane (B || z); the electric field is parallel and perpendicular to ris in the upper
and lower panel, respectively. In the electric field along one of the bonds (lower panel), the
spins that lie on that bond have the same out-of-plane projections. The shadings (colors
online) denote the different spins.
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Figure 5.11: (Color online) Expectation values of the z-component of s = 3/2 spins in a
triangular molecule as a function of applied electric field. The magnetic field is perpendicular
to the ring plane (B || z); the electric field is parallel and perpendicular to rj, in the upper
and lower panel, respectively. The shadings (colors online) denote the different spins.
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mediated by states belonging to higher S = 1/2 multiplets, that are higher in energy by
a quantity ~ J. Therefore, the effect of the electric field tends to be significantly smaller
than in the case of a triangle with equal D, and £ (see Fig. 5.12), and depends also on the
exchange coupling J.

5.4.3 Magnetization, Polarization, and Susceptibilities

The spin-electric coupling shifts the energy eigenvalues of the nanomagnet, thus affecting
thermodynamic quantities, such as magnetization, polarization and susceptibilities. In the
following, we compute these quantities in the case of the s = 1/2 spin triangle as a function
of the applied magnetic and electric fields. Under the realistic assumption that the exchange
splitting J is the largest energy scale in the spin Hamiltonian, and being mainly interested
in the low-temperature limit, we restrict ourselves to the S = 1/2 quadruplet, and use the
effective Hamiltonian H.g in Eq. (5.21).

The eigenenergies of the lowest S = 1/2 sector in the presence of electric and magnetic
fields are

oy = apy/B2+ A% +E2 4+ 9EL, (5.133)

with B = ppy /gt Hjf + g1 HY, By = [(B.Aso)” + (BE)?)]V4, and B, = ppg H. Note that

these energies are the generalization of the ones in the previous section, which were valid
for in-plane magnetic field only. The partition function for N identical and non-interacting
molecules is Z = Z, with Z; = 37 exp (—fFE,,) being the partition function for one
molecule, and § = 1/(kgT). The free energy reads

=-1/fInZ = —NkgTIn 2Zcosh (BE,)

Y

: (5.134)

with E, = F,/5,. From this, we can derive different thermodynamic quantities like the
magnetization M; = —JF/0H;, the electric polarization P; = —0F/0E;, the heat capac-
ity C' = —0/0T(9In(Z)/0p), and the corresponding susceptibilities: xg,z, = 0F;/0E; =
O’F[OE,0F; - the electric susceptibility, xg,u, = 0M;/0H; = 0°F/0H;0H; - the spin sus-
ceptibility, and xp,uz, = OP;/OM; = 0°F/0FE;0H; - the spin-electric susceptibility. For the
electric polarization components P; we get

NdE; sinh (BE,)
-F)i e
S ol (05 22 B,
BQ
X (1 + 7—2) (1—46;.), (5.135)
Eq

while for the magnetization components M; we get

M - NgippB; Z sinh (BE.,)
23 —sicosh (BE,) S L,

A2,6;. + E2
X <1+7%), (5.136)
EO
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Figure 5.12: (Color online) Expectation values of the z-component of s = 1/2 spins in a
pentagon as a function of applied electric field. The magnetic field is perpendicular to the
ring plane (B || z); the electric field is parallel (0 = 0) and perpendicular (§ = 7/2) to ris
in the upper and lower panel, respectively. The shadings (colors online) denote the different
spins.
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where again ¢ = x,y. Making use of the above expressions, we can obtain the above defined
susceptibilities

P Nd'E;E, B* sinh (BE,)
COR R ae e en] 2w B
BE, cosh (BE,) — sinh (BE,) B2\?
4 v 2WE3 v (1 +7E_g = X5,5, (5.137)
]\4Z Ng?g3B;B; BE., cosh (BE,) — sinh (BE.,)
XB; = 6MM + J |: 2 o o
b B] 25" . cosh (BE, )7;1 2E3
2 2 5 2
" (1 Aso5zz+g)(1+7Asoégz+g)
2 2\( A2 2
N (ASp0i. + €& )(GASO(5]Z+8 ) sinh (BE., )} —nn (5.138)
E o
Ng2d*B;E; BE. cosh (BE,) — sinh (BE.)
XBiE, = —BMPj+ i j { gl gl gl
723 . cosh(BE,) szil 2F3
AZo0;, + E? B?
x <1+7—SO E2+ ) (1+vﬁ)
Ao, + EH(ALG0;. + E%) sinh (BE,
+ ( SO ;1(6 SO%7, ) E(ly ):| (1 . 5j,z) = XE;B;- (5139)

The polarization P, magnetization M, and susceptibilities x, Eq. (5.135) — Eq. (5.139),
all depend on the spin-electric coupling constant d. In the following, we analyze the details
of this dependence and identify the conditions suitable for extracting the value of d from the
measurable quantities.

Polarization and magnetization

The in-plane polarization of the molecule as a function of the magnetic field is illustrated
in Fig. 5.13 and Fig. 5.14. The polarization is a growing function of the magnetic field
strength, and it gets reduced by the normal component of the field.

The low-temperature, kg1 < Ago, thermodynamic properties of a molecule with spin-
electric coupling show a simple dependence on the strength of external electric and magnetic
fields in the special cases of in-plane and out-of plane magnetic field. We focus only on
effects in leading orders in electric field under the realistic assumption that the electric
dipole splitting is small compared to the SO splitting, i.e. £ < Ago. Also, we analyze
two limiting cases: (i) kg7 < &, i.e. low-temperature regime, and (i) kg7 > €&, ie
high temperature regime. However, we assume all temperatures (in both regimes) to satisfy
kgT < Ago so that the spin-orbit split levels are well resolved. In the first case (i), we
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Figure 5.13: Electric polarization P, (z component) in Eq. (5.135) as a function of the
magnetic field in x direction. The three lines correspond to various values of an additional
external electric field in the z direction. The plot is for the temperature kg7 = 0.001Ag0,
and the electric field dE, = 0.1Aq0.
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Figure 5.14: Electric polarization P, (z component) in Eq. (5.135) as a function of the
magnetic field in z direction. The three lines correspond to various values of the external
magnetic field in the x direction. The plot is for the temperature kg7 = 0.001Ago, and the
electric field dE, = 0.1Ag0.

obtain for the polarization
d&;B
Z A for E < B
P, ~ 5 (5.140)

—=2 A
4A% or &> B,

while for the second situation (ii) we obtain

P, ~ 1Al (1+A§05AB), (5.141)

with Ag = /B?+ A, and n = N/V the density of molecules in the crystal. We see
that, for low temperatures, the electric polarization P; ranges from being independent of the
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Figure 5.15: In-plane magnetization M, in x-direction in Eq. (5.136) as a function of the
electric field F, in z-direction. The three lines correspond to a fixed value of an additional
magnetic field in the z-direction. The assumed temperature is kg7 = 0.001Ago, while in
the inset it is at higher temperature kgT = 0.1Ag0.

magnitude of the electric field (£ < B), to a linear dependence on the applied electric field
E for large fields (€ > B). Also, the polarization is strongly dependent on the magnetic
field (linear in B) for low E-fields, thus implying strong magneto-electric response.

We now switch to the other special case, namely when the external magnetic field is
applied perpendicularly to the spin triangles. The electric polarization now reads

4Ag

P, tanh (BAg), (5.142)

with Ag = /A2, + £2. The polarization P; does not depend on the magnetic field B, and
there are no spin-electric effects present for this particular case.

Our results suggest that the spin-electric coupling can be detected by measuring the
polarization of the crystal of triangular single molecule antiferromagnets that lie in parallel
planes in the in-plane electric and magnetic fields.

The out-of plane component M, of the molecule’s magnetization is rather insensitive to
the electric fields, since any effect of the applied in-plane electric field has to compete with the
spin-orbit coupling induced zero-field splitting Agp. Since we expect to find weak coupling
to electric field and small coupling constant d, it would require very strong electric field to
achieve the regime d|E| ~ Ago. The in-plane components of magnetization M,, M,, on the
other hand show clear dependence on electric fields, Fig. 5.15. At low magnetic fields the
in-plane component of polarization appears and grows with the strength of in-plane electric
fields. However, the electric field dependence becomes less pronounced when an additional
magnetic field is applied normal to the triangle’s plane.

In the dependence of the magnetization on electric fields, and for the case of an in-
plane magnetic field, we find the same two main regimes as in the study of the polarization:
E > kpT (i) and € < kgT (ii). In the first case (i) we obtain

ngipis B ( 5A§o)
M; ~ 1+ , 5.143
1Ag BAZ (5.143)
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Figure 5.16: Electric susceptibility (zz component), Eq. (5.137), as a function of the electric
field in x direction. The three lines correspond to various values of the external magnetic
field in the x direction. The plot is for the temperature kgT = 0.001Ago. In the inset, the
same quantity is plotted at a higher temperature, kgT = 0.1Ag0.

while for the second case (ii) we get

_ ngipsB; 382 A% BAg
M = R {1 (-5 (5.144)

The magnetization shows a strong dependence on the electric field E, especially for £ > B
where this is linear in F-field. For low electric fields, however, the magnetization shows only
a weak dependence on the electric field, both at low and high temperatures.

For the magnetization (along z) in the presence of a perpendicular (also along z) magnetic
field we obtain

M, = % tanh (88B), (5.145)

which is manifestly independent of the spin-electric coupling constant d.

Susceptibilities

The effects of spin-electric coupling on the polarization of a molecule show up in the electric
susceptibility and the spin-electric susceptibility. In Fig. 5.16 and Fig. 5.17, we plot the
xx and xy component of the electric susceptibility tensor as a function of electric field for
various strengths and orientations of an additional magnetic field. Both susceptibilities show
a high peak in the region of weak electric fields that is suppressed by in-plane magnetic fields.
The peaks are pronounced at low temperatures, and vanish as the temperature exceeds the
splitting of the two lowest-energy levels, kg1 > d|EJ.

In the case of in-plane magnetic field, and weak coupling to the electric field d|E| < Ago,
we can calculate the electric xg, g, and spin-electric x g, x; susceptibilities in the two limiting
cases (i) and (ii) defined above, with i = x,y. For the electric susceptibility we obtain:

212( €2
4E3 A
XE B, ~ (5.146)

PA2Z 5.
% for £> B
B
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Figure 5.17: Electric susceptibility (xy component), Eq. (5.137), as a function of the electric
field in x direction. The three lines correspond to various values of the external magnetic
field in the x direction. The plot is for the temperature kg7 = 0.001Ago. In the inset the
same quantity is plotted at a higher temperature kg7 = 0.1Ag0.

in the first case (i), and
82
Afo

) 5AB) . (5.147)

in the second case (ii). We see that for low E-fields, the electric susceptibility x gz, depends
strongly on the applied electric field, and even vanishes if the field is applied, say, along x
or y directions. For large E-fields instead, the electric susceptibility becomes independent
of the electric field itself and, for low magnetic fields (i.e., for B < Ago) this reduces to a
constant value xg, g, = d;;nd? /4. At finite (large) temperatures the electric susceptibility is
still independent of the electric field, but it is enhanced by thermal effects ~ 1/T.

For the electric susceptibilities x g, g, in perpendicular magnetic field, we obtain

XBiE; = AC (517 - A;)’ (5.148)

where we assumed Ago > kg7, as in the previous Section. As expected, there is no
dependence of xg,g, on the B-field, and for vanishing electric field the electric susceptibility
reduces to a constant xg,g, = nd?/4Aso.

The quantity of most interest in the present spin system is the spin-electric susceptibility
XE;B;, .. the magnetic response (electric response) in electric fields (magnetic fields).
The nonzero spin-electric susceptibility allows for the electric control of magnetization and
magnetic control of polarization in the crystals of triangular MNs, even in the case when
the coupling between the molecules is negligible. In addition, xg,p; is nonzero only in the
presence of spin-electric coupling, i.e. when d # 0.

The spin-electric susceptibility shows a characteristic peak in weak electric fields which
vanishes in an external magnetic field, see Figs. 5.18 and 5.19. The peak in the diagonal
xx-component, x g, g,, moves towards the higher electric fields and broadens as the magnetic
field B, increases. The peak in the off-diagonal component g, 5., on the other hand, shifts
towards the lower electric fields, and narrows as the in-plane magnetic field increases. Both
peaks disappear at high temperatures, kg7 > Ago.
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Figure 5.18: Linear magnetoelectric tensor (zz component) in Eq. (5.139) as a function of
the electric field in x direction. The three lines correspond to various values of the external
magnetic field in the x direction. The plot is for the temperature kg7 = 0.001Ag0.
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Figure 5.19: Linear magnetoelectric tensor (zz component) in Eq. (5.139) as a function of
the electric field in x direction. The three lines correspond to various values of the external
electric field in the x direction. The plot is for the temperature kg7 = 0.001Ag0.

For in-plane magnetic fields and weak spin-electric coupling the spin-electric susceptibility

XE;B; 18

- ndg]uBSZB]Aéo

B, 5.149
XE:Bs 1EBA}, (5.149)
for the low temperature case (i), while for the second case (ii) we obtain
3nA§Ong,uB&B] ﬁAB
B, ~ — 1— : 5.150
XEiBs 4D 3 (5:150)

By inspecting the above expression, we can infer that for low temperatures and low E-fields
the spin-electric susceptibility shows no dependence on the absolute value of the electric
field F and only a weak dependence on the applied magnetic field B. Moreover, when both
fields are applied along one special direction, say, along x, and assuming also B < Ago,
the spin-electric susceptibility becomes xg,5, = ndg;up/4Aso, i.e. it reaches a constant
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Figure 5.20: Linear magnetoelectric tensor (za component) in Eq. (5.139) as a function of

the magnetic field in x direction. The three lines correspond to various values of the external

electric field in the x direction. The plot is for the temperature kg7 = 0.001Ag0.
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Figure 5.21: Magnetic susceptibility (zz component) in Eq. (5.138) as a function of the
magnetic field in x direction. The three lines correspond to various values of the external
electric field in the x direction. The plot is for the temperature kg7 = 0.001Agp. The inset
represents the same quantity at a higher temperature kg7 = 0.1Ag0.

value. The finite temperature expression shows that the spin-electric response is reduced, as
opposed to the electric response where temperature increases the response. Thus, for strong
spin-electric response one should probe the spin system at low temperatures (kg1 < Ago).

The diagonal out-of-plane component of the magnetic susceptibility, xp. 5., in the pres-
ence of an external magnetic field in the x direction decays strongly in the applied electric
field along the = direction, Fig. 5.21. In electric fields, the xp, 5, component shows a peak
that is reduced by the application of the magnetic field in x direction, Fig. 5.22.

We can derive the magnetic susceptibilities in the two regimes. In the first case (i) we
obtain (assuming now only linear effects in E-field):

2 2

_ ngipp | Bib;

XB;B;, = QAB |:51 A2B

ENE, (5 (382 + A%)Bil?j) }
g )

T BAZ B2AZ

(5.151)
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Figure 5.22: Magnetic susceptibility (zz component), Eq. (5.138) as a function of the electric
field in x direction. The three lines correspond to various values of the additional magnetic
field in the z direction. The plot is for the temperature kg1 = 0.001Ag0.

with ¢, = x,y, while

nggﬁbQB A%O
20 BE'’

XB.B. (5.152)

for B,Aso < BE. At low temperatures the in-plane magnetic susceptibility shows a linear
dependence on the applied electric field E, thus allowing for a simple estimate of the electric
dipole parameter d from magnetic measurements. Note that for strong electric fields (€ >
B), the magnetic susceptibility can vanish, since the magnetization does not depend on the
magnetic field anymore. However, such a regime would not help to identify the electric
dipole coupling strength d from susceptibility measurements directly. The perpendicular
magnetic susceptibility shows a strong electric field dependence yp.5. ~ £ ! and can be
used as an efficient probe for extracting the electric dipole parameter d. In the second case
(i) we obtain

ng? u% [5” BB, &A%
ij

XBP T oA Ay T AL
3 BB, AB;B;
when 7,7 = x,y, and
2,2 1R2 2
~ ng;upB Ao
XBsz = —QA% (]_ + BAB BZ ) . (5154)

The magnetic response increases with temperature. Also, in this limit the dependence of
the magnetic susceptibility on the applied electric field is rather weak (xp,5,(€) ~ £?), thus
this regime is also not suitable for observing spin-electric effects.

For the magnetic susceptibility in the perpendicular magnetic field we find

2 2
XB.B, = WTZMBseCh(BB), (5.155)
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while for the in-plane magnetic susceptibility xp, 5, We obtain
v _ ngiuplso
Bo)Baw) = Sime A2 N
() Ba(y) 2(B2 — A2,)
B &2
X |—|1——=|tanh(8B) -1 5.156
5 (1) s 1), (5.156)

in the limit B, kgT < Ago. We mention that for B perpendicular to the molecular plane
there is no electric field E (magnetic field B) dependence of the magnetization M; (electric
polarization P;). Thus, in order to see spin-electric effects one needs to apply magnetic fields
which have non-zero in-plane components.

5.4.4 Heat capacity

Next we investigate the dependence of the heat capacity on the applied electric and magnetic
fields in different regimes. The heat capacity is defined as C'= —0/9T(01n (Z)/0p), so that

we obtain

_ Nkp[? (F1+pE_1)?

¢ B(E, +pE1)} '

(5.157)
=+1 cosh?

p=+1 cos { 5

We consider the cases of perpendicular B-field and in-plane B-field in the limit Ago > kgT.
In the first case, i.e. for B || z we obtain

AZem2P8s0 4 B2e=2P8 - B> kpT
C ~ NkgpB? (5.158)

82
A2e™2PARso 4 0 B < kgT.
The heat capacity C' shows a quadratic dependence on the applied electric field for the
entire range of E-field strengths. On the other hand, the magnetic field dependence of C' is
non-monotonic, and shows a maximum for some finite B-field strength B,,.. ~ kgT. In the
second situation, i.e. for B 1 z we get

202
BA‘E ¢ 255§ AZe P8 £ 5 T
C ~ Nkpfp? b (5.159)
Be £ < kgT
) <L Kkpl.
A2,

As in the previous case, the dependence of the heat-capacity C' is linear in E-field for low
E-fields. However, for large E-fields the dependence is non-monotonic and thus shows a
maximum for some finite electric field strength &,,,. ~ kgT. Note that in this case also the
dependence on the magnetic field is non-monotonic, and thus we obtain a second maximum
for Bare >~ kgT. We can conclude from the above expressions that the strongest dependence
of the heat capacity on the electric field is when the magnetic field is applied in-plane, and
then it is mostly quadratic.
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Figure 5.23: Heat capacity, Eq. (5.157), as a function of temperature in various electric

fields.
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Figure 5.24: Heat capacity, Eq. (5.157), at low temperature as a function of external electric
field.

For the derivation of all the thermodynamic quantities presented in the previous sections,
we have restricted ourselves to the contributions arising from only the lowest four states, even
though the spin system spans eight states in total. This description is valid if the splitting
between the energies of S = 1/2 and S = 3/2 states is much larger than the temperature
kgT. This splitting varies strongly with the applied magnetic field, for B = 3.J/4 one of the
S = 3/2 states (M = —3/2) crossing the M = 1/2 of the S = 1/2 states and, even more, for
B > 3.J/2 the M = —3/2 becomes the spin system ground states. Thus, for large magnetic
fields our effective description in terms of only the S = 1/2 states breaks down and one have
to reconsider the previous quantities in this limit.

5.5 Conclusions

Electric fields can be applied at very short spatial and temporal scales which makes them
preferable for quantum information processing applications over the more standard magnetic
fields . Nanoscale magnets, while displaying rich quantum dynamics, have not yet been
shown to respond to electric fields in experiments. We have investigated theoretically the
possibility of spin-electric coupling in nanoscale magnets using symmetry analysis, and found
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that the spin-electric coupling is possible in antiferromagnetic ground-state manifolds of spin-
1/2 and spin-3/2 triangles, as well as in spin-1/2 pentagon. The spin-electric coupling in
the triangle can exist even in the absence of spin-orbit coupling, while the coupling in the
pentagon requires the spin-orbit interaction in the molecule. We have characterized the form
of the spin-electric coupling in all of these molecules and presented the selection rules for
the transitions between the spin states induced by electric fields.

While the symmetry can predict the presence or absence of the spin-electric coupling, it
can not predict the size of the corresponding coupling constant. In order to find a molecule
suitable for electric manipulation, it is necessary to have an estimate of the spin-electric
coupling strength. For this purpose, we have described the nanoscale magnets in terms of
the Hubbard model, and related the coupling constants of the symmetry-based models to
the hopping and on-site energy parameters of the Hubbard model. We have found that the
modification of the Hubbard model parameters due to the electric field produces a spin-
electric coupling of the same form as predicted by the symmetry analysis. However, within
the Hubbard model, the coupling constants have a clear and intuitive meaning in terms
of the hopping and on-site energies of the localized electrons. We have also studied the
superexchange interaction of the spins on the magnetic centers through the bridge. If we
assume that the interaction of the localized spins is a property of the bridge alone, the spin-
electric coupling can be calculated by ab-initio analysis of the bridge alone, and not of the
entire molecule.

Finally, we analyzed the role of spin-electric coupling in standard experimental setups
typically used for the characterization of nanoscale magnets. We find that the spin-electric
coupling can be detected in the ESR and NMR spectra that probe the local spins. Also, ther-
modynamic quantities, like the polarization, magnetization, linear magnetoelectric effect,
and the specific heat show signatures of spin-electric coupling in the triangular molecules.
Thus, our results set a path toward finding suitable molecules that exhibit spin-electric
effects and how they can be identified experimentally.

In this work, we have focused on the spin rings with an odd number of magnetic centers
(odd spin rings), whose low-energy spectrum is dominated by frustration effects. The odd
spin rings, due to frustration, possess a four-fold degenerate ground state multiplet, which
can be split by electric fields. As opposed to the odd spin rings, the ground states of even-spin
rings is usually a non-degenerate S = 0 state, separated from the higher energy states by a
gap of the order of exchange coupling J. Coupling of the electric field to these states can thus
proceed only via excited states, and the coupling strength is reduced by d|E|/J. Similarly, in
lower-symmetry odd-spin rings, the ground state multiplet consists of an S = 1/2 Kramers
doublet, which can not be split by electric fields, i.e. there is no spin-electric effect in zero
magnetic field. Therefore, the odd spin rings seem to be the most suitable candidates for
observing the spin-electric coupling and using it to control the spins.






Appendix A

J; 4 for arbitrary B-fields

In this Appendix we give explicit formulas for the couplings J; 5 for an arbitrary magnetic
field orientation B = B(cos ®sinf,sin ®sinf,cosf) and for both Rashba and Dresselhaus

spin-orbit couplings present. These are obtained by diagonalizing the tensor M, which leads
to

Jig = % [(Cl + Cy) cos? 0 + (C) cos® ¢ + Cysin? ¢ — C3sin 2¢)) sin® 0

+ \/((Cl + ) cos? 0 + sin? 0(C} cos? ¢ + Oy sin® ¢ — Cy sin 2¢))2
—4(C1Cy — C2) cos? 0], (A1)

with ¢ = ® — v (the angle v is defined after Eq. (2.9)). The functions C; (i = 1,2,3)
can be expressed in terms of Cyp, = (0|[L; a1, b2)]0), a,b = z,y, i.e.

1 ,. :
i = N2 (5i0° Oy + c08% 7y Cyyyy +5i0 27 Cy ) (A-2)
02 - E <COSQ Y 0961:1:2 + Sin2 v Cylyz — sin 2’7 Cxl?ﬂ) <A3)
Cs = 2 A (Sin 2y (mem - Cy1y2> —cos2y C‘le?)' (A'4>

These functions can be identified very easily from our formulas derived in the paper. For
example, for the case considered in Eq. (2.28) (weak Coulomb coupling regime) we get

AFE? ALY
Cxlxz =< Cy1y2 =—— Ol‘lyz = 0. (A5)

m*2\2wg’ m*2\2wg’
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Appendix B

Displacement and stress tensor

In this Appendix we give explicit formulas for the displacement w(7) and stress t(r) vectors,
respectively. We can write the displacement vector w(r) = (u,,uy, u,) from Eq. (3.40) in
components
uk’(rv t) = Z Ukj(r)Xjei(n(b—’_qz_Wt)v k= r, ¢7 Z, (Bl)
J
with x; = (X0, x1, x2) and the matrix /(r) having the form

%fOn(r) Z%f1n<7a) Zq%f?n(r>
UE) = | i2fonlr) —Lunlr) —2poulr) |- (B2)

iq fon(r) 0 k3 fon (1)

The other relevant quantity for the elastic problem is the stress tensor 7'. [118] In order to
obtain 7', we first have to find the strain tensor S as a function of displacement w(r). The
independent components of the strain tensor coordinates have expressions (in cylindrical
coordinates) [118] of the form

ou,
Srr = or
1 8U¢
s = (G5 )
ou,,
SZZ - az
1 /0ou, 5 0 ru,
Sro = 2_r(a¢+r5<7>)
5., — 10u: Ous
@ = r O¢ 0z
1 /0u, Ou,
Sre = 5(82 i 87")' (B3)

The stress tensor, T, which quantifies the surface forces, is related to the strain tensor S by
the elastic modulus constants. [118| Since we are interested in the boundary conditions at

119



120 APPENDIX B. DISPLACEMENT AND STRESS TENSOR

the surface of the cylinder, the relevant part of the stress tensor is given by the stress vector
t = Te,, with e, being the unit vector along the radius. We write here only these relevant
parts of the stress tensor 1" as a function of the strain tensor components

T,, = p(c; —22) (S, + Sep + Sz2) + 2pc2S,,
Tr(ﬁ == 2,00?57«4)
T,. = 2pciS,., (B.4)

and t = (1,,,T,4,1,.). We write now the relevant stress vector ¢, which is given explicitly
by the following relation

T, CIZ% +(f —2¢1)L (- 203)%8% (e} — 20?)% Uy
Ty | =P iras (5 — 1) 0 ug |- (B
T, 29 0 2o u

rz t 9z t or &

We can bring the stress matrix to the same form as we did for the displacement, namely
tr(r) = 32, Tri(r)x €’ (né+az=wb) " with the matrix 7 having the explicit form

(-2 (2) ) o g () ade
T(r) = 2inc? 2 (o) —c? (259—; + k%) fin  —2qnct 2 (£2)
2i03q%f0n —Cf%fln C?(k% - ‘12)%f2n‘

(B.6)



Appendix C
I

Spin states in terms of the ¢ operators

In this appendix we show the expressions for the three-electron symmetry adapted states

127) in Eqs. (5.35) and (5.38) in terms of the symmetry adapted creation operators CTF’U.

Making use of Eq. (5.47) we obtain

~.
™

oy _ €t b g Poob
V) = \/g(CA;aCE;a B ot O o o
— b, o) (C.1)
c, _c_, C,
E_ E .o Ao
oy _ bttt Poob
V) = \/g(CA;aCA;aCE;U+€CE;—CE;UCEQU
N
+ ecE,_acE,_UcA,lg)|O) (C.2)
oy _ okt P
V) = ﬁ(%;&%;a%ﬂf_g* €y 5 oCEo
I
+ ecE,+6cE,+UcA,10)|O> (C.3)
20y _ € ([t & i U
Wa) = \/5(CE;UCA;JCE'U+CE’UCA;UCE;G> 10) (C4)
20y _MO€ vty Por
V) = \/g(chgaCE;ch'_a*CE; 4 aCE
— oy o) (C.5)
! C ! C/ .
E_7 Ao E+O'
g [_
| 12921> — E(ECL;UC;;UC;;U_FEC;/ CZ,IUCELJ |0) (C.6)
20\ _ 9 (i1 & i (R
V) = ﬁ<€cA;acA;acE'_a+€CE;CA;UCE;U) 10) (C.7)
2oy _ O€.t 4+t & 4
|¢E2> - \/g(CA;aCA;gCE;U °p s E o
4 E+a E o
50y _ W€t 4 &t & i
|¢E’3> - %(CA’lacA’lacE’_a ECE;aCA/laCE;a
— 2ecTL c*E,j ;;0)\()), (C.9)



122 APPENDIX C. SPIN STATES IN TERMS OF THE Clt OPERATORS

where o stands above for sign(o).



Appendix D

Hgp, Hg_ 4, and Hel_ ; matrix elements

For the SOI matrix elements we obtain

21\
20 lo o SO
<¢A;|HSO|¢A;> = WU’
% 1oy 4 LEAso
<¢E;§|HSO|¢E;> = =£ \/§ g,
V3edso
20 lo o
<1/JE;:2|HSO|¢E’¢> = =o \/§ g,
<’¢27 ’Hso|w27> = —0'2)\80
Al AQ
. . V3
( EE\HSOW?EQ = iUT)\so,
A0

(%%;ZJHSOW?E@ = *

a a \/g
<l/)zf|Hso! éf) = :FCT?)\SO,
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while the remaining terms are equal to zero. For the electric dipole matrix elements we

obtain

(U3 [ He
(U3 [ He

(Ui [ He
(Ui [ He
(W |
(W |He
(W |
(7 [He
(W3 [ H,

eV
eV

e—alU

)
72)

)

al V)

Hefd|¢

)

_alvE)

He gl

_alvy
_alvy

2

v2)
o)

(e~ E+e\/_E>
(51550

a 1—€
— | eF —F

2 ( SV )
—g <(E— 1)E, + e\/§Ey)
e
_\/g(edEE
icE

NG
ek
V2

E
- 6—\/5 (EdEE - dAE)

N N

(EdEE + QEdAE + dAE)
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