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Magnetic and charge order in 2D quantum materials 
Quantum materials with a 2D structure, such as transition-metal 
dichalcogenides, can host magnetically and charge-ordered phases, making 
them promising candidates for future nonvolatile memory devices. Predicting 
their electronic and magnetic properties, however, requires advanced 
electronic-structure and many-body techniques.

In this project, we will investigate several emerging 2D materials such as 1T-
TaS2, 1T-TaSe2, CrI3 and MnPS3, with the goal of understanding their 
electronic and magnetic behaviour. The project will combine density 
functional theory with diagrammatic many-body methods, with a particular 
focus on computing charge and spin susceptibilities.


            


                           Lattice structures of 1T-TaS2 and CrI3.          

                                                                  

Prerequisites: Solid background in quantum mechanics and solid-state 
physics, good programming and data analysis skills. 

What you will gain: hands-on experience in computational materials science 
and high-performance computing, participation in a cutting-edge research 
project.

Employment: student assistant position for 6 months, (10h/week, 700 € 
gross per month) 

Start date: preferably April/May 2026

Contact: If you are interested, please send a short motivation letter, your CV 
and your transcript of records to Dr. Anna Galler  anna.galler@tugraz.at
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1 Intoduction

Two-dimensional (2D) correlated materials ex-
hibit a rich variety of quantum phases, includ-
ing superconducting,1 charge- and spin-density
wave2 and quantum spin liquid states.3,4 The
emergence of these phases is sensitive to ex-
ternal parameters such as pressure, strain, and
static or dynamic electric and magnetic fields.
Beyond this intrinsic tunability, 2D materials
provide additional control via dielectric engi-
neering,5 stacking, and twist angle manipula-
tion, enabling emerging paradigms such as ox-
ide electronics,6,7 valleytronics,8,9 and twistron-
ics.10–12

Transition-metal dichalcogenides (TMDs) in
the 1T polymorph13–23 are van-der-Waals ma-
terials that allow us to explore strong corre-
lation e↵ects in 2D. Among them, 1T-TaS2

exhibits a Star-of-David (SoD) charge density
wave (CDW) phase below 180K. The forma-
tion of this CDW phase, where clusters of
13 Ta atoms move closer in a star-shaped
arrangement (Fig. 1b), is accompanied by a
transition to an insulating state. While bulk
1T-TaS2 is believed to consist of dimerized,
band-insulating bilayers interspersed with AC-
stacked monolayers,24–26 isolated monolayers
are well established as Mott insulators.18,20,25

The CDW distortion in a monolayer generates
a very narrow, half-filled band at the Fermi
level. This molecular orbital, with meV band-
width and predominantly Ta d3z2�r2 character,
is highly susceptible to electronic correlations.
To first approximation, monolayer 1T-TaS2 can
be regarded as a prototypical realization of the
Hubbard model on a triangular lattice, a sys-
tem that recently attracted interest due to the
interplay of strong correlations, geometric frus-
tration, and unconventional ordering.27–31

The CDW distortion clearly plays a central
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Figure 1: (a) Illustration of a time-resolved
STM experiment. A near-infrared (NIR) pulse
indirectly excites the CDW amplitude mode in
monolayer 1T-TaS2, while a time-delayed THz
probe pulse induces electron tunneling between
the sample and STM tip to probe the local den-
sity of states. (b) Top view of the SoD supercell
with Ta (brown) and S (yellow) atoms. d de-
notes the distance between the central (site A)
and the outer (site C) Ta atoms. Violet arrows
indicate the CDW amplitude mode oscillation.

role in stabilizing the correlated state, sug-
gesting that it could serve as a control knob
to manipulate the electronic properties. Ini-
tial experiments indicated that external strain,
which modifies the amplitude of the SoD CDW,
can influence the Mott transition.32,33 More re-
cent studies using terahertz (THz) scanning
tunneling microscopy (STM)34 and time- and
angle-resolved photoemission spectroscopy (tr-
ARPES),35–38 which excite a coherent 2.4THz
CDW amplitude mode39 in 1T-TaS2, point to-
ward the possibility of dynamically control-
ling the correlation strength. However, de-
spite recent density-functional theory (DFT)
and non-equilibrium dynamical mean-field the-
ory (DMFT) calculations,35 the role of the
screened Coulomb interaction in the photoin-
duced dynamics remains insu�ciently under-
stood. This limitation primarily stems from
the di�culty of quantitatively evaluating the
screened interaction within the large SoD su-
percell.
Using first-principles calculations within

the constrained random-phase approxima-
tion (cRPA),43–45 we show that the screened
Coulomb interaction in 1T-TaS2 is highly sen-
sitive to the amplitude of the SoD CDW. Re-
ducing the CDW distortion reduces the lo-
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Introducing noncollinear magnetization into a monolayer CrI3 is proposed to be an e↵ective ap-
proach to modulate the local electronic properties of the two-dimensional (2D) magnetic material.
Using first-principles calculation, we illustrate that both the conduction and valence bands in the
monolayer CrI3 are lowered down by spin spiral states. The distinct electronic structure of the
monolayer noncollinear CrI3 can be applied in nanoscale functional devices. As a proof of concept,
we show that a magnetic domain wall can form a one-dimensional conducting channel of in the 2D
semiconductor via proper gating. This conducting channel is approximately 7 nm wide and has the
carrier concentration of 1013 ⇠ 1014 cm�2.

I. INTRODUCTION

Two-dimensional (2D) materials, such as graphene,1

MoS2,2 etc., have attracted much attention in experi-
mental and theoretical studies owing to their distinct
electronic,3 magnetic4 and optical properties5 and the
potential applications in designing nanoscale functional
devices.6,7 The latter requires e↵ective manipulation of
the physical properties like the conductance, the band
gap and the magnetic orientation. The recent discovery
of 2D magnetic semiconductors8,9 o↵ers new opportuni-
ties in controlling the electronic properties by the magne-
tization10 and vice versa.11 Topological spin waves in the
2D honeycomb lattice have been discovered using neu-
tron scattering.12

Following the intriguing idea of van der Waals het-
erostructures,13,14 the present studies of 2D magnetic
materials are mostly focused on the ferromagnetic and
antiferromagnetic coupling between neighboring layers.
For instance in four layers of CrI3, Song et al. observed
a tunneling magnetoresistance, which was as large as
105%.15 The ferromagnetic and antiferromagnetic cou-
pling in bilayer CrI3 can be artificially switched by a
gate voltage11 or electrostatic doping.16 The van der
Waals spin valve has been proposed17 consisting of bi-
layer graphene between two 2D ferromagnetic layers,
where the electronic properties of the bilayer graphene
strongly depend on the magnetic order of the two fer-
romagnetic layers. However, the magnetic coupling be-
tween 2D layers is much weaker than the in-plane cou-
pling. Therefore tuning the in-plane magnetic order is
more e↵ective to modulate the electronic structure.18,19

In this paper, we use CrI3 as an example of 2D mag-
netic materials and demonstrate the noncollinear mag-
netic order in the monolayer CrI3 results in a novel mod-
ulation of its electronic properties. The physical origin
of such modulation is revealed by first-principles calcu-

lations. The charge redistribution in noncollinear CrI3
results in a noticeable increase of the work function com-
pared with the collinear case. Thus both the conduction
and valence bands are lowered down in the area of a mag-
netic domain wall or a Skyrmion. This energy shift can
be employed, under proper gating, to generate local con-
ducting channels, which can even be moved by a mag-
netic field or spin waves. The noncollinearity-modulated
electronic structure of the monolayer CrI3 may also be
applied in electron-hole separation and creation of the
identical quantum dots.
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FIG. 1. (a) Side and (b) top views of the atomic structure of a
monolayer CrI3. The blue and green balls represent chromium
and iodine atoms, respectively. The red arrow a1 (a2) denotes
the in-plane translational vector along zigzag (armchair) di-
rection. (c) Schematic illustration of a magnetic domain wall
in a monolayer CrI3 and its influence on the electronic struc-
ture. The left (red) and right (blue) magnetic domains have
the upward and downward magnetization, respectively. At
the domain wall (white region), the noncollinear magneti-
zation lowers down both the conduction and valence bands
resulting in potential wells along the domain wall.
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