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All materials exist owing to the fundamentals laws of quantum mechanics, but there is a certain class of systems 
that have been progressively grouped under the umbrella of “quantum materials”. They include a variety of 
rather different materials, ranging from high-temperature superconductors, strongly-correlated systems to 
topological insulators, to Dirac materials and to the large set of Van der Waals materials. 
  What all quantum materials share is the presence of emergent phenomena that are responsible for their rather 
exotic behaviour, posing fascinating scientific questions that deal with the foundations of condensed-matter 
physics and materials science, such as the existence of emergent particles end excitations like skyrmions, Weyl 
points, Majorana fermions and many more. 

The scientific progress in the field of quantum materials can also contribute substantially to disruptive changes 
in modern technology (see Fig. 1), a prominent example being the rise of quantum computing. Most of the 
quantum computing platforms are enabled by quantum materials with specific properties. Quantum materials 
promote technologies that are capable of performing tasks that were not accessible before—as in the case of 
quantum computing—or achieving performance levels that are orders of magnitude larger that could be ever 

achieved with the current technological paradigms—as in the case of 
topological electronics.   

A compelling case is the proposal of using 2D topological 
insulators (a.k.a. quantum spin Hall insulators or QSHIs) as a 
platform for low-dissipation electronics. In these materials, while 
the bulk region remains always insulating, the edge regions are 
metallic and can host robust dissipation-less electronic transport (see 
Fig. 2)—even in the presence of rather strong disorder (e.g. impurities 
or defects)—being protected by the non-trivial topology of the bulk 
electronic wavefunction. In addition, such 1D edge transport can be 
switched on/off through an external electric field and its spin–
momentum locking makes it 
very promising for spintronics 
functions such as spin-current 
generators and charge-to-spin 
convertors. 

A non-trivial topological state 
can also coexist with a superconducting state, as in the case of topological 
superconductors (TSC), where Majorana fermions emerge as entangled 
interface states. A pair of Majorana fermions has the degrees of freedom of 
a single fermion, which is split non-locally in space. The non locality of this 
“half-fermions” implies that Majorana states are immune to local 
perturbations, and that is the property that makes Majorana fermions 
perfect candidates to host topological qubits, i.e. qubits that are protected 
from decoherence due to local noise sources.  

In this project, the student will learn how to master cutting-edge electronic structure simulations 
techniques to study novel quantum materials for spintronics and topological quantum computing 

applications. 

In the process, the student will develop advanced skills in mathematical modelling, numerical simulations, 
software development and high-performance computing (HPC).

Fig. 1: Brief history of the research on quantum 
materials and functions, adapted from [6]. The 
green circles highlight the research areas that 
intersect towards the field of topological 
quantum computing.
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Figure 1 | Concepts in quantummaterials. a, Brief history of the research on
physics of quantum materials and functions. b, The bottom pentagon
shows various degrees of freedom of strongly correlated electrons in solids,
which respond to external stimuli. These strong couplings lead to the
emergent functions with the cross correlations among di!erent physical
observables and to developments towards the applications of emergent
functions such as Mottronics, magnetoelectrics, topological electronics,
and quantum computing, each of which is discussed in this article.

from zero to above room temperature, reflecting the large energy
scale of the competingW and U .

Among them, the simple but most conspicuous example for
the band-filling-control MIT is the case of copper-oxide supercon-
ductors, where a quasi-two-dimensional electronic structure with
half filling (one hole per Cu) forms the parent correlated insulator
composed of CuO2 square-lattice sheets and sandwiching ionic
block layers as the charge reservoir6. Hole or electron doping—
the procedures used to represent the reduction or increment of
electron band filling—is possible via the partial substation of the
block layers with di!erent-valence cations or a change of the oxygen
content, which drives the system to a metallic or high-temperature
superconducting state, viewed as a ‘doped Mott insulator’7.

Needless to say, the exploration of higher- or room-temperature
(RT) superconductors is of tremendous importance for practical
applications, from lossless power cables to electrical apparatus such
as superconducting magnets, motors, and information appliances
such asmicrowave filters. The current state of the art for the highest-
temperature zero-resistance superconducting state is around 153K
for Hg-based cuprate superconductors under high pressures above
10GPa (refs 8,9), and around 190K for H3S under a very high

pressure of 200GPa (ref. 10). As for the present status of applications
of high-temperature superconductors, benchmark examination
towards large-scale application are in progress. For dissipationless
energy transfer, long cables such as Bi-based cuprates sheathed in
Ag and Y–Ba–Cu–O coated conductors are being examined for
power transfer11,12. As for electronics, highly sensitivemagnetic-field
sensors employing SQUID (superconducting quantum interference
device) are actually already used for the non-destructive inspection
of infrastructure and searching for underground minerals13.

An electron in a correlated system has three attributes: charge,
spin and orbital (Fig. 1b). The spin, charge, and orbital degrees
of freedom and their coupled dynamics can produce versatile
electronic phases as well as possible electronic phase separation
and pattern formation; all of these features play important roles in
the MIT, particularly for d-electron compounds. Not only the half
band filling but also the fractional case lead to an insulating ground
state accompanying the regular ordering of localized charge, termed
charge ordering; the state frequently accompanies the ordering also
in spin and orbital sectors14 as in the undoped system.Upon external
stimulation, such as by chemical doping, electrostatic doping,
pressure application or photo-excitation, the MIT can be exploited
as a function, exemplifying the cross-correlation among the electric,
magnetic,mechanical, and photonic inputs and outputs, as shown in
Fig. 1b. Figure 2 shows some examples of the controlled MIT.

The colossal magnetoresistance (CMR) manganites15 provide a
good arena to test exotic phase-control functions; Fig. 2a shows typ-
ical CMR phenomena, viewed as a magnetic-field-induced MIT16.
The external magnetic field works on the spin sector so as to align
the spin moment (towards the ferromagnetic state), and eventu-
ally this strongly spin–charge–orbital coupled system undergoes
a collective transition to a ferromagnetic metallic state, accom-
panying the melting of charge/orbital order or their short-range
order. Likewise, photo-excitationworks on the charge/orbital sector,
enabling photo-melting of the spin–charge–orbital coupled order
and induces a ferromagnetic metallic state17, as shown in Fig. 2c.

Among the possible MIT functions, electrical control is the
most useful for Mottronics. Figure 2b exemplifies the electric-
double-layer transistor (EDLT) gate control of the MIT in VO2
films18; a clear MIT is observed upon gating, ascribed to the filling-
control Mott transition, although its doping mechanism is still
controversial18,19. As shown in the upper panel of Fig. 2b, this gating-
induced MIT accompanies a large change of the infrared spectra,
again demonstrating the potential application to radiation devices,
like a dimming window20.

The application of such MIT in integrated circuits is very attrac-
tive for non-volatile memories called Resistance Random Access
Memory (ReRAM), where information is memorized as metallic
or insulating states of a device cell in a non-volatile and rewritable
manner. Expected advantages of ReRAMcomparedwith flashmem-
ory include higher-density integration, higher speed, and lower
energy consumption21,22. The MIT actually taking place in such
memory devices may be di!erent from what is observed for bulk
materials. Tiny changes in the electronic structure or band filling at
electrode/oxide interfaces can change the total resistance ofmemory
cells by decades23. The process of electrical injection/rejection of
oxygen ions, which should induce a change in the band filling, is
considered to be one of the plausible origins of the gigantic electrical
resistance switching widely observed for transition-metal oxides,
including the example of the CMR manganite, which is still at the
early stages of research24. The ReRAM has been industrialized as a
storage-class memory that is between high-speed and low-density
DRAM (Dynamic RAM) and low-speed and high-density storage
such as hard disc drives or solid-state drives based on flashmemory.

In addition to these quasi-steady state functions, non-
equilibrium Mott physics, which is experimentally explored by a
pump-and-probe technique, provides one other research direction
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The above discussion was predicated on the conserva-
tion of spin Sz. This is not a fundamental symmetry,
though, and spin nonconserving processes—present in
any real system—invalidate the meaning of !xy

s . This
brings into question theories that relied on spin conser-
vation to predict an integer quantized !xy

s !Volovik and
Yakovenko, 1989; Bernevig and Zhang, 2006; Qi, Wu,
and Zhang, 2006", as well as the influential theory of the
!nonquantized" spin Hall insulator !Murakami, Nagaosa,
and Zhang, 2004". Kane and Mele !2005a" showed that
due to T symmetry the edge states in the quantum spin
Hall insulator are robust even when spin conservation is
violated because their crossing at k=0 is protected by
the Kramers degeneracy discussed in Sec. II.C. This es-
tablished the quantum spin Hall insulator as a topologi-
cal phase.

The quantum spin Hall edge states have the important
“spin filtered” property that the up spins propagate in
one direction, while the down spins propagate in the
other. Such edge states were later termed “helical” !Wu,
Bernevig, and Zhang, 2006", in analogy with the corre-
lation between spin and momentum of a particle known
as helicity. They form a unique 1D conductor that is
essentially half of an ordinary 1D conductor. Ordinary
conductors, which have up and down spins propagating
in both directions, are fragile because the electronic
states are susceptible to Anderson localization in the
presence of weak disorder !Anderson, 1958; Lee and
Ramakrishnan, 1985". By contrast, the quantum spin
Hall edge states cannot be localized even for strong dis-
order. To see this, imagine an edge that is disordered in
a finite region and perfectly clean outside that region.
The exact eigenstates can be determined by solving the
scattering problem relating incoming waves to those re-
flected from and transmitted through the disordered re-
gion. Kane and Mele !2005a" showed that the reflection
amplitude is odd under T—roughly because it involves
flipping the spin. It follows that unless T symmetry is
broken, an incident electron is transmitted perfectly
across the disordered region. Thus, eigenstates at any
energy are extended, and at temperature T=0 the edge
state transport is ballistic. For T"0 inelastic back-
scattering processes are allowed, which will, in general,
lead to a finite conductivity.

The edge states are similarly protected from the ef-
fects of weak electron interactions, though for strong
interactions the Luttinger liquid effects lead to a mag-
netic instability !Wu, Bernevig, and Zhang, 2006; Xu and
Moore, 2006". This strong interacting phase is interesting
because it will exhibit charge e /2 quasiparticles similar
to solitons in the model of Su, Schrieffer, and Heeger
!1979". For sufficiently strong interactions similar frac-
tionalization could be observed by measuring shot noise
in the presence of magnetic impurities !Maciejko et al.,
2009" or at a quantum point contact !Teo and Kane,
2009".

B. HgTe ÕCdTe quantum well structures

Graphene is made out of carbon—a light element
with a weak spin-orbit interaction. Though there is dis-
agreement on its absolute magnitude !Huertas-
Hernando, Guinea, and Brataas, 2006; Min et al., 2006;
Boettger and Trickey, 2007; Yao et al., 2007; Gmitra et
al., 2009", the energy gap in graphene is likely to be
small. Clearly, a better place to look for this physics
would be in materials with strong spin-orbit interactions,
made from heavy elements near the bottom of the Peri-
odic Table. To this end, Bernevig, Hughes, and Zhang
!2006" !BHZ" had the idea to consider quantum well
structures of HgCdTe. This paved the way to the experi-
mental discovery of the quantum spin Hall insulator
phase.

Hg1!xCdxTe is a family of semiconductors with strong
spin-orbit interactions !Dornhaus and Nimtz, 1983";
CdTe has a band structure similar to other semiconduc-
tors. The conduction-band-edge states have an s-like
symmetry, while the valence-band-edge states have a
p-like symmetry. In HgTe, the p levels rise above the s
levels, leading to an inverted band structure. BHZ con-
sidered a quantum well structure where HgTe is sand-
wiched between layers of CdTe. When the thickness of
the HgTe layer is d#dc=6.3 nm the 2D electronic states
bound to the quantum well have the normal band order.
For d"dc, however, the 2D bands invert. BHZ showed
that the inversion of the bands as a function of increas-
ing d signals a quantum phase transition between the
trivial insulator and the quantum spin Hall insulator.
This can be understood simply in the approximation that
the system has inversion symmetry. In this case, since the
s and p states have opposite parity the bands will cross
each other at dc without an avoided crossing. Thus, the
energy gap at d=dc vanishes. From Eq. !12", the change
in the parity of the valence-band-edge state signals a
phase transition in which the Z2 invariant $ changes.

Within a year of the theoretical proposal the
Würzburg group, led by Laurens Molenkamp, made the
devices and performed transport experiments that
showed the first signature of the quantum spin Hall in-
sulator. König et al. !2007" measured the electrical con-
ductance due to the edge states. The low-temperature
ballistic edge state transport can be understood within a
simple Landauer-Büttiker !Büttiker, 1988" framework in
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FIG. 5. !Color online" Edge states in the quantum spin Hall
insulator !QSHI". !a" The interface between a QSHI and an
ordinary insulator. !b" The edge state dispersion in the
graphene model in which up and down spins propagate in op-
posite directions.
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Fig. 2: The topological quantum 
“information highway”, representing the 
1D dissipation-less transport at the edge 
of a 2D topological insulator, where 
electrons with opposite spins travel in 
opposite directions without scattering.
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