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Semiconductors Revolution

It could add or subtract 5000 times a second

High speed memory was limited to 80 bytes

30 tons, 200 kilowatts, 18,000 vacuum tubes

(1947 @ Bell labs: invention of bipolar transistor)

Courtesy of A. Damascelli

1945: First electronic general-purpose computer

170 g, 512 GB,  CPU 3.2 GHz RAM 4 GB 



Motivation: more on Moore or no more Moore’s law ?
Gordon Moore, co-founder of Intel, predicted
in 1965 that the cost of microchip transistors
would continue to fall because the number
that could be etched into a given surface area
of silicon would double every two years.

Expensive basket of technologies must be developed 
for each new generation of smaller transistors

BUT
So far no REAL (i.e. cost effective)

new technology is foreseen

CMOS technology will never die



Quantum materials refers broadly to systems that cannot be adequately described 
by simple single-electron band-models. Such models and related theories provided 
foundational knowledge for the semiconductor revolution of the 20th century. 

CHALLENGES: 
Understand complex collective behavior

Explore applicability
Control, at atomic level and/or at single layer

of  magnetic and electronic, structural properties

Quantum Manifesto
A New Era of Technology Draft - March 2016
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editorial

Measured in terms of publication output, 
condensed-matter physics is the largest 
field in physics1. Its size is a consequence 
of its breadth: the study of systems in 
their ‘condensed’ phases can be applied 
to an almost limitless range of problems 
such as magnetism, superconductivity 
and superfluidity, to name three examples 
out of many. A cornerstone of this 
approach is the concept of symmetry 
breaking, the idea that a condensed 
phase has a lower symmetry than its 
uncondensed counterpart (for instance, 
a solid has a lower symmetry than a gas). 
The framework through which these 
phenomena were first understood is 
the Landau–Ginzburg theory of phase 
transitions: by identifying a suitable order 
parameter that reflects the underlying 
symmetry of the system (such as a 
material’s density, to continue with our 
solid-state example), it is possible to 
pinpoint the conditions that are required 
for that symmetry to become manifest.

The overarching theme for condensed-
matter physics in the 1960s and 1970s 
was therefore a continual search for 
order. Armed with beautiful ideas rooted 
in symmetry — concepts that pervade 
physics well beyond condensed matter, in 
fact — physicists focused on identifying 
the relevant and, crucially, measurable 
order parameters that pertained to their 
system of choice. Inevitably, work tended 
to concentrate on the hardest problems to 
crack — typically those in which there was 
no discernible order parameter or, if there 
was, that were characterized by an unusual 
degree of complexity.

As these problems persisted into the 
1980s, two crucial developments occurred. 
Firstly, the realization that there were 
exceptions to the Landau–Ginzburg 
paradigm, such as the topological order 
that underlies the fractional quantum Hall 
effect. Secondly, the discovery of high-
temperature superconductivity brought 
about a surge of interest in so-called 
strongly correlated electron systems. Of 
course, the many-body problem had been 
known since the days of Nevill Mott, but 
a plethora of problems linked more or 
less directly to superconductivity, such as 
heavy fermions, quantum criticality and 

the physics of the pseudogap, combined 
with the rapid growth of the computational 
power scientists had access to, brought 
about a fresh urgency to attack the 
issue head-on.

Although the mechanism of 
superconductivity continues to be elusive, 
the era of strongly correlated electron 
systems has brought about a number of 
significant developments. Perhaps the 
most important of these isn’t strictly a 
scientific discovery, however. Rather, it has 
been a change in perspective. The study of 
non-trivial or ‘exotic’ electronic properties 
of materials has fostered an appreciation 
for a variety of emergent phenomena 
resulting from strong correlation 
effects — cooperative behaviours that 
cannot be predicted from the properties 
of individual electrons. These include 
emergent excitations such as monopoles2 
and skyrmions3, the description of which 
is, in many ways, simpler than the original 
‘vacuum’ of excitations from which 
they arise.

This taste for emergent properties 
coincided with the experimental discovery 
of topological insulators, which was made 
on the back of large strides forward in 
the understanding of electronic states 
in terms of topological invariants — 
essentially a geometric property of the 
electron wavefunction4. Although part of 
a wider surge in interest in topologically 
protected states of matter, the excitement 
surrounding topological insulators was 
principally due to the robust nature of the 
metallic surface states that characterized 
them, and the relatively loose requirements 
for their realization: neither strong 
electron–electron interactions nor low-
dimensionality are required. Moreover, as 
if to make the point even stronger, these 
discoveries came almost simultaneously 
with a flurry of spectacular observations in 
graphene, including the observation of the 
fractional quantum Hall effect5,6. This is a 
system made up of sp2 electrons — hardly 
the definition of a strongly correlated 
material — and yet it displays the 
hallmarks of topological order, which 
include dissipationless transport and 
emergent particles with fractional charge 
and statistics.

As it has become clear that the study of 
emergent properties is no longer restricted 
to strongly correlated electron systems, 
a new, broader description has become 
necessary. And the term that seems to be 
gaining currency on departmental websites 
and research programmes is quantum 
materials. Indeed, conferences on the topic 
have started to spring up — for example, 
the Big Ideas in Quantum Materials 
workshop held in La Jolla, California, 
last December.

Of course, on a trivial level all materials 
exist thanks to the laws of quantum 
mechanics, and there are cynics who will 
privately wonder if the description isn’t too 
broad and, well, catchy for its own good. 
But given the history of condensed-matter 
physics that we have just outlined, there 
are good reasons to embrace quantum 
materials. In essence, they provide 
a common thread linking disparate 
communities of researchers working on 
a variety of problems at the frontiers of 
physics, materials science and engineering.

At face value, these problems are quite 
distinct: think of the recent success of 
groups hunting for emergent particles 
in solids (last year’s flurry of results on 
Weyl fermions7 are a case in point), and 
the challenges faced by others looking 
to harness the promising optoelectronic 
properties of van der Waals materials for 
devices and applications. A little further 
afield, consider the strides forward 
being made in developing platforms for 
achieving quantum computers and, by 
dropping the semantic distinction between 
material and matter, the control afforded 
by designer quantum matter platforms 
synthesized from cold atoms, ions, defects 
in solids, circuit-QED architectures, and 
solid-state heterostructures. All these 
communities face formidable challenges 
and opportunities. And they all just know 
they are working on quantum materials. ❐
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Emergent phenomena are common in condensed matter. Their study now extends beyond strongly 
correlated electron systems, giving rise to the broader concept of quantum materials.

The rise of quantum materials

© 2016 Macmillan Publishers Limited. All rights reserved

Quantum materials 
(R)Evolution (maybe…)

C. N. Veenstra, et al. PRL. 112, 127002 (2014)



Courtesy of : Z. Hussain, ALS, LBNL

Quantum materials : from Observation to Control



Role and importance of surfaces and interfaces

nm sized conduction channel  at the interface 
of two non-conducting oxides.

J. Mannhart, et al., 
MRS Bulletin 33, 1027 (2008)

S. Sanvito, Nature Phys.6, 562 (2010)
J. Chakhalian et al, Nature Phys.2, 244 (2006)
J. Santamaria , Nat. Physics 2, 229 (2006)

Oxide Spintronics

Quantum materials (R)Evolution:
New functionalities



Flexible spintronics and electronics
Self standing single/few layers. 

Advanced capabilites 
in growth and synthesis

Assisted transfer

Microscopy tools needed

Quantum materials (R)Evolution:
New functionalities



Low-dimensional magnetic phenomena
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generalized Heisenberg spin Hamiltonian 

An#ferromagne#c, J < 0 - Ferromagne#c, J > 0
Importance of  Interlayer vs Intralayer coupling 

See M. Gilbertini et al Nat.. Nanotechnol. 14, 408–419 (2019).
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Long range magnetic order 

Anisotropy
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news & views

Sir Arthur Stanley Eddington said, “We 
used to think that if we knew one, we 
knew two, because one and one are 

two. We are finding that we must learn a 
great deal more about ‘and’.” Combining 
multiple materials with desirable properties 
is an oft-pursued route to achieve artificial 
composite materials with functionalities 
superior to any of their parts. When the 
dimensions at which the constituents 
are interleaved in the composite reach 
that of the wavelength of the electrons 
travelling within the material, unanticipated 
behaviour can occur1. Considerable 
efforts over the past decade have focused 
on how to stabilize those new states by 
forming superlattices with nanometre- to 
subnanometre-scale periodicities in a class 
of materials known as complex transition 
metal oxides2. These oxides contain 
correlated electrons, which means that 
every electron simultaneously is influenced 
by all other electrons in the system, owing 
to the open electronic shell configuration 
of the transition metal cations. This 
aspect makes predicting their properties 
a challenge. The uncertain meaning of 
‘and’ in two-component atomic-scale 
oxide superlattices further compounds the 
problem of rational control of interface-
derived phases, because simple sum rules 
rarely apply.

To surmount such challenges requires 
advanced instruments — atomic-
level structure and electronic property 
interrelationships are essential in navigating 
the vast phase space of chemistries, strains 
and periodicities available to artificial oxide 
superlattices. Writing in Nature Materials, 
Eric Monkman and colleagues3 demonstrate 
the powerful insights that can be gained 
from an integrated materials discovery 
instrument (Fig. 1) that combines atomic-
level control over oxide superlattice 
growth with the capability to explore the 
interfacial electronic structure without ever 
breaching vacuum. The unprecedented 
capabilities of the consolidated tool 
enable Monkman and colleagues to reveal 
how the metal–insulator transition4 in a 
systematic series of manganite superlattices 

with different interleaving sequences 
arises from strong quantum many-body 
interactions induced by the dimensionality 
of the superlattice.

The unique instrument used by 
Monkman et al. for the growth and study 
of correlated oxide superlattices consists 
of molecular beam epitaxy (MBE) and 
angle-resolved photoemission spectroscopy 
(ARPES), respectively. The former 
technique provides the ability to create 
oxide superlattices with subnanometre 
periodicities and atomically sharp 
interfaces. The latter enables the electronic 
band structure and interactions of a 
system to be pieced together. ARPES relies 
on a momentum conservation book-
keeping exercise, which exploits Einstein’s 

photoelectric effect underpinning the 
quantum nature of all matter: electrons 
emitted by a material that are excited 
by light will occur only over certain 
energies. Both techniques have made 
seminal contributions to understanding 
and engineering multiferroicity5 and 
high-temperature superconductivity6; 
however, their combined application is 
rare in perovskite-based superlattices — 
both techniques require sophisticated 
instrumentation and ultrahigh vacuum 
operation, and are typically performed in 
separate laboratories. Removing an oxide 
superlattice from the growth chamber, 
exposing it to the atmosphere and moving 
it to the ARPES system contaminates 
the surface of the sample, which can be 

OXIDE INTERFACES

Instrumental insights
A powerful new set of tools combining artificial synthesis and in situ characterization of correlated oxides unites 
the processes of materials discovery and understanding, and reveals the origin of a dimensionality-induced 
metal–insulator transition.

James M. Rondinelli and Steven J. May

(LaMnO3)2n/(SrMnO3)n
Electron
analyser

PhotoelectronCrystalline
surface

Incident photons

Characterization

Synthesis

Figure 1 | Innovation in the oxide superlattice design cycle is brought full circle through a concerted oxide 
superlattice growth and characterization approach. The monolayer precision of oxide MBE (bottom left) 
for the synthesis of atomic-scale heterostructures (top left) is enhanced by the capability of ARPES (top 
right) to probe the intrinsic electronic structure arising at interfaces providing access to fundamental 
insights into the k-space electronic band structure of complex materials (bottom right). The process 
provides an avenue to identify the critical structure–property relationships needed for engineering new 
phases. By varying the atomic structure and probing the electronic response, Monkman and colleagues 
iterated the materials discovery-and-understanding cycle to glean the mechanism for an unusual metal–
insulator transition in a correlated oxide superlattice. Images courtesy of D. Schlom, D. Muller, J. Mundy, 
E. Monkman, K. Shen (Cornell University) and A. Schmehl (Universität Augsburg).

© 2012 Macmillan Publishers Limited. All rights reserved
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• Design (theory and chemistry)
• Growth (reliable/reproducible protocols)

• Characterization (lab and @synchrotron)

Quantum materials (R)Evolution:
Methodology and Needs



Photoelectron
Spectroscopy

Importance of X-rays



Duality Particle-waves
Extremely broad spectral range

Vision of the ‘invisible’



As the speed of the particle approaches the speed of light, the radiation pattern 
is distorted by relativistic effects and changes to a narrow cone of radiation, 

called Synchrotron Radiation.

Production of Synchrotron Radiation: relativistic electrons

Relativistic v ≈ c

Non relativistic v<<c

A charged particle constrained to move in curved path experiences a centripetal acceleration. 
Due to this acceleration, the particle radiates energy according to Maxwell equations
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•Tunable Energy
(Element Selective)

• High Intensity
(High energy resolution)

• Time Structure 
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(Symmetry control)
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• Focalisation

SYNCHROTRON RADIATIONVersatile tool for X-ray production



1. electron gun
2. linac
3. booster ring
4. storage ring
5. beamline
6. end station- 70% beamtime open to external 

users
- Program committee, external 

members
- Annual Budget: 30/200 M€
- 700/2000 users/yrs
- 50% users from abroad
- Staff: 400 persons
- 24/24 h, >5000  hrs/yr

Costs, average 1000/4000 euro/hour
Experiments have time limit, fixed time window

Why Synchrotron Radiation: Facility for users



SPring8 - Japan

SYNCHROTRON RADIATION
FACILITIES

Diamond 
UK

ELETTRA- Italy

The playground(s)

SLS 
Switzerland

Exploiting and Exploring
the relevant  

Time, Length, Energy scale



A. Nillson, SSRL and Stockholm Univ.
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Electron spectroscopies with Synchrotron Radiation



3d filling!!
Dipole selection rules: Dl = ±1

K-edge: 1s ® empty p-states
L2,3-edges: 2p1/2, 3/2 ® empty d (s) -states
M4,5 -edges: 3d3/2, 5/2  ® empty f (p) -states

Courtesy of J. Vogel, CNRS, Grenoble, France

X-ray Absorption Spectroscopy Transition Metal L2,3-edges: the white lines

Absorption process: an electron is 
promoted from the core shell to the 

empty states of the valence band



Magnetism and XAS: ingredients
ØThe d shell has a spin moment which is given by the imbalance of spin-up 

and spin-down electrons

ØThe photon helicity couples to electron spin via spin-orbit 
(helicity defines a symmetry = mirror experiment /  dichroism)

ØSpin-up/down photoelectrons from the p core shell can only be excited into 
spin-up/down d hole states

J. Stöhr, S. Anders, IBM J. RES. DEVELOP.VOL. 44 N. 4 (2000)



Courtesy of K.Baberschke, Freie Univ. Berlin

XMCD- X-ray Magnetic Circular Dichroism

Direct measure 
of local moments
(spin and orbital)

+
Measure of 

Long range magnetization

Gisela Schütz et al. in 1987
P.T. Thole,  et al.. Rev. Lett. 68, 1943 (1992)
P.Carra, et al. Phys.Rev.Lett. 70, 694 (1993).
C.T.Chen,et al. , Phys.Rev.B 42, 7262 (1990).
G. van der Laan, Phys.Rev.B 55, 8086 (1997).
B.T.Thole et al., Phys.Rev.Lett. 68, 1943 (1992) 
M.Altarelli, Phys.Rev.B 47, 597 (1993)



XMCD- X-ray Magnetic Circular Dichroism



XMCD- X-ray Magnetic Circular Dichroism

F. MoE et al. Phys. Rev. 97, 094423 (2018)

Strain-induced FM properties
 in LSMO film
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Electron spectroscopies with Synchrotron Radiation



Ideal tool for the chemical investigation of materials, expressed in the famous 
acronym created by Siegbahn: ESCA (Electron Spectroscopy for Chemical Analysis)

or
XPS – X-ray Photoelectron/Photoemission Spectroscopy

1950: Birth of PhotoElectron Spectroscopy (PES-ESCA-XPS)

Courtesy of I. Vobornik, CNR-IOM



http://www-bl7.lbl.gov/BL7/who/eli/SRSchoolER.pdf

ESCA: Electron Spectroscopy for chemical analysis

Electron binding energy in a solid 
is ELEMENT SPECIFIC

Identification of  element 
=

chemical sensitivity



• Magnetic sensitivity
(circular polarization or 
spin detection)

• Chemical sensitive 
(Surface AND bulk)

PhotoElectron Spectroscopy (PES) in a ‘nutslide’

For a review, see e.g. P.D.C. King et al , Chem. Reviews 2021, 121, 2816 (2021)
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High Energy Resolution
E = E(k)  

OK….in two ‘nutslides’

(almost) Straigh5orward comparison with theory



Y. Lykhach et al. J. Mater. Chem. A. 6, 23078 (2018)
Elettra Highlights 2019

Monitoring vs. surface environment (interfaces and adsorbates) 
Evolution in Pt/Co3O4(111)



La0.65Sr0.35MnO3  100 u.c.Spectral change across the metal-insulator transition

T. Pincelli et al. Nat. Comm. 8, 16051 (2017) 

Mn 2p core level vs temp.

Evolution as a function of temperature: phase transition



Circular Dichroism in PES: access to magnetism

J. Fujii et al. PRL111 (2013) 097201.



Why PES?  Direct access to the electronic bands in a solid
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Why PES? . (‘vision’ of interaction in a solid)
Angular Resolved PhotoElectron Spectroscopy (ARPES):
The k space

Direct access to k space
enables study of

electrons  ‘dressed’ by interactions
J.A. Sobota et al. Rev. Mod. Phys. 93, 025006 (2021)
P.D.C. King et al , Chem. Reviews, 121, 2816 (2021)

Courtesy of A. Damascelli



ARPES: the Fermi surface

Fe(100) fermi surface cut

APE-LE beamline CNR-IOM  @Elettra

hUps://www.youtube.com/watch?v=BejOga-L4kw
ARPES visualiza_on

https://www.youtube.com/watch?v=BejOga-L4kw
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Out of plane spin polarization

NbSe2 Fermi Surface and spin texture

J. M. Riley et al.  Nature Nanot. 10, 1043 (2015)
L. Bawden et al. Nature Comm. 7, 11711 (2016)

C. Bigi et al. JSR 24, 750 (2017)
C. Bigi et al. PRB 103, 245142 (2021)

Specialization of ARPES: Spin- Resolved ARPES



Time and length scales in magnetism

The rich variety of characteristic magnetic lengths and times accessible by the SwissFEL is summarized in Figure I.1 

and Tables I.1,2 [1,2]. Time-scales τ are determined by the interaction energies E via the Heisenberg relation τ ≈ 

1/ν = h/E, where Planck’s constant h = 4.14 × 10-15 eV s. For example, if the reorientation of a magnetic moment 

requires expenditure of an energy E, it will relax to its equilibrium orientation in a time of order τ = h/E. Reference 

is made in the Tables to the following material-dependent constants: J – magnetic exchange interaction, K – crystal-

line anisotropy, Ms – saturation magnetization and kF – electron Fermi momentum.

I.  Ultrafast Magnetization Dynamics on the Nanoscale PSI – SwissFEL Science Case 19

Fig. I.1: Time and length scales in magnetism.

Atomic moment reversal due to field-  dwall/vwall ~ 200 ps
or current-induced domain wall  
motion, with a velocity of ~ 100 m/s 
Magnetization precession and ~ 50 ps
damping, according to the LLG-equation  
(see Infobox) 
Spin-orbit interaction between the  1–100 meV 
electron spin and its orbital motion → τ ~ 50–5000 fs
Jahn-Teller interaction, which stabil- ~ 50 meV 
izes an elastic distortion to avoid a  → τ ~ 100 fs
degenerate electronic ground-state 
Spin-wave energy, at intermediate  1–1000 meV, 
wave-vector → τ 5–5000 fs
Electrostatic crystal-field interaction ~ 1 eV 
of oriented 3d-orbitals with  → τ ~ 5 fs
neighboring ions  
Inter-electronic exchange energy ~ 5 eV 
J arising from the Pauli principle → τ ~ 1 fs
Correlation energy,  responsible within ~ 5 eV 
an atom for enforcing Hund’s rules → τ ~ 1 fs 

Table I.2: Magnetic time scales

Distance over which a diffusing ~ 10 × mean  
electron maintains            free path 
its polarization ~ 1 µm 
Bloch domain wall width ~ (J/K)1/2

 ~ 20 nm
Minimum size of a magnetic particle  ~ 10 nm
before superparamagnetic 
fluctuations destroy its ferromagnetism
The exchange length determines  ~ (J/2πMs

2)1/2

the diameter of a vortex core ~ 1 nm
Wavelength of the RKKY spin- ~ π/kF ~ 0.2 nm
density oscillations of the conduction  
electrons near a magnetic ion

Table I.1: Magnetic length scales
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From SwissFEL science case Opportunity (and challenge)

Decoupling spin-lattice-electrons 
due to different critical timescale

Pump-probe methods

FUTURE: Time resolved PES

The system is pumped again after each 
measurement.

The time between the excitation and the 
probe is scanned.

low probe fluence, spectroscopy

Time resolution is given by pulse duration 
and timing accuracy.
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2)1/2

the diameter of a vortex core ~ 1 nm
Wavelength of the RKKY spin- ~ π/kF ~ 0.2 nm
density oscillations of the conduction  
electrons near a magnetic ion

Table I.1: Magnetic length scales

10-15

10-9 10-8 10-7

spin diffusion

10-12 10-9

10-6

10-6 time [s]

length [m]

0
RKKY

single molecule 
magnet

J

r

spin-orbit
exchange interaction 
between spins

correlation

optomagnetism

spin-waves

macroscopic
wall motion

precession, relaxation

M

H

superparamagnetism

m

H

Fe 3d6

spin-transfer
torque

domain wall

magnetic writing



Giancarlo Panaccione
Istituto Officina dei Materiali (IOM)
Consiglio Nazionale delle Ricerche (CNR)
Trieste, Italy

Magnetic properties as seen by
X-ray based Electron Spectroscopies

(the basics of the game: PART 2)

Examples on quantum materials and van der Walls systems
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•Tunable Energy
(Element Selective)

• High Intensity
(High energy resolution)

• Time Structure 

• Polarization
(Symmetry control)

• Coherence

• Focalisation

SYNCHROTRON RADIATION Versatile tool for X-ray production
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Exchange 
anisotropy

“On-site”
anisotropy

Low-dimensional magnetic phenomena
generalized Heisenberg spin Hamiltonian 

See  M. Gilbertini et al Nat.. Nanotechnol. 14, 408–419 (2019).

Long range magnetic order 

Anisotropy

Exchange 
coupling



A. De Vita et al. Nano Le;. 22, 7034 (2022)

VI3 and CrI3 : 2D van der Walls magnets

M. Gibertini et al. Nat. Nanotechn.. 14 , 408 (2019)



• Structural transition 
(rombohedral to monoclinic VI3 T=79 K
(monoclinic to rombohedral CrI3 T=220 K)

• Magnetic transitions in VI3
FM1@50 K
FM2@35 K with spin canting

OPEN QUESTIONS
• Uncertainties in ground states
• Role of  SOC and correlation
• Relevant spin character

VI3 and CrI3 : 2D van der Walls magnets



ID32 beamline – XMCD branch

APE beamline –LE branch

The Playground(s): Elettra and ESRF



From D. Shcherbakov et al. Nano Le6. 2018, 18, 4214

Air & focused op_cal light Humid Argon & Ambient light

Air & darkness at room T
Dry oxygen 
(<100 ppm 
H2O)  
ambient light 
at RT

VI3 and CrI3 : samples dissolve in ‘normal’ atmosphere
High reactivity. Need of controlled environment

Air sensitive
Light sensitive

I- substitution by water creates CrI3-x(H2O)x x+. 
Initiated by d-d transitions starting at 1.4 eV. 

1. Exfoliation  (Full scale glovebox, Ar atmosphere: H2O < 0.1 ppm)
2. UHV transfer with Suitcase, no air exposure



Exp                                   Mult Cluster Calculation

Lsrge magnetic signal

1-2 and 6-7 features (sharp, i.e. localized states) 
Transitions to unoccupied t2g states
Signature of  V3+ valence, e.g. V2O3
De Groot et al., Phys. Rev. B 1990:  Caputo et al., Appl. Surf. Sci. 2022

Long range magnetic order via XMCD De Vita et al. Nano Le;. 24, 1487 (2024)
R Sant  et al. J. Phys.:Condens. Ma;er 35 405601 (2023)

Vanadium L 2,3 edges 
20 K – 0,5 T out of  plane

QUANTY code , M. W. Haverkort 2016 J. Phys.: Conf. Ser. 712 012001



FM transition ≈ 51 K Hext = 0 T

Critical behaviour:
Information on universality class

𝑚 = 𝑚& 1 −
𝑇
𝑇'

(

𝛽 = 0.28(3)
𝜷 = 𝟎. 𝟐𝟑: 2D XYReduced spin dimensionality

Spin dimensionality via XMCD vs. T De Vita et al. Nano Le;. 24, 1487 (2024)
R Sant  et al. J. Phys.:Condens. Ma;er 35 405601 (2023)

Spin canting @ 35 K P. Dolezal Phys. Rev. Mater. 3, 121401(R) 2019



The technique: PhotoElectron Spectroscopy (PES) in a ‘nutslide’

• Direct probe of electronic properties
• Chemical sensitive
• Depth Sensitive
• Non destructive

For a review, see e.g. P.D.C. King et al , Chem. Reviews 2021, 121, 2816 (2021)

Kai Siegbahn 
Nobel Prize 1981

‘for his contribution 
to the development 

of electron spectroscopy’



Dimensionality        +        Electron(spin) flow

Topological        Insulators
- The physics of topological insulators involves interactions between hosts of dimension 
d and boundaries of dimension d-1. Topological electronic states have been observed at 
the edges of 2D systems and at the surface of 3D material.

- 3D Topological insulators are materials that conduct electricity only at their surface 
via special electronic states. with special properties arising from the laws of
quantum mechanics 

1) New 2D phase: Quantum Spin Hall effect

► proposed theoretically in 2005 

► found experimentally in 2007

2) New 3D phase: 3D Topological Insulators

► proposed theoretically in 2007 
 
► found experimentally in 2008

3) Generalized theory and classification (2008-2010)

Hsieh et al. Nature 452, 970 (2008)

Fu, Kane and Mele PRL98 (2007)
Moore and Balents PRB75 (2007)

Konig et al. Science 318 (2007)

Kane and Mele, PRL95 (2005)
Bernevig, Hugues and Zhang Science 214 (2005)

Moore and Balents; Zhang et al
Fu, Kane and Mele; M. Franz
And many others



H. Zhang et al. Nat. Phys. 5, 438 (2009)- H.C. Manoharan, Nature Nanotechnology  5, 477 (2010)

èWithout spin-orbit interac:on
Valence (an_bonding orbitals, an_symmetric wave func_ons) and 
conduc_on (bonding orbitals, symmetric wave func_ons) bands; 
spin up and down electrons have the same energies

èWith spin-orbit interaction
The inversion of symmetric and 
antisymmetric states may occur 
(topological twisting); 

3D case
Topological Insulators: role of spin-orbit/band inversion



H. Zhang et al. Nat. Phys. 5, 438 (2009)- H.C. Manoharan, Nature Nanotechnology  5, 477 (2010)

3D gap – 2D conductive states
Topological Insulators: role of spin-orbit/edge 2D states

Conductive surface states

èWith spin-orbit interacEon

- inversion of symmetric and an#symmetric states  occurs

- Time-inversion symmetry is preserved
Gap must close at the interface!

- FormaHon of edge states (2D) at interface

Dirac (cone) dispersion 
of electron with

‘locked’ spin direcEon



H. Zhang et al. Nat. Phys. 5, 438 (2009) H.C. Manoharan, Nature Nanotechnology  5, 477 (2010)

3D gap – 2D conductive states

Conductive surface states

Topological Insulators: theoretical predictions

Need of surface sensitive technique (2D vs 3D)
Need of element selectivity
Need of spin sensitivity 



Magnetic Topological materials: coupling functionalities

D. Pesin, A. Mac Donald, Nature Mater 11, 409–416 (2012)

Proximity effects

Magnetic interlayer

MagneHc doping

Stoichiometric



ØUse of Ferromagnetic impurities Magnetic impurities break time-reversal 
symmetry –
gap in the surface state opens? 

Doubt on Fe% , out of solubility limit?  
Formation of segregated species or cluster   
J. Huiwen et al. PRB85, 165313 (2012)

Magnetic Topological materials: 1) magnetic doping

Y.L. Chen et al., Science 329, 659 (2010); 
L.A. Wray et al., Nat. Physics 7, 21 (2011))
(I. Garate & M. Franz, PRL 104, 146802 (2010)
M. Franz, Science 329, 639 (2010)



TC~12 K, with easy magnetization parallel to c

Evidence of Bulk ferromagnetism 

(Mn doping) Bi2-xMnxTe3

Y.S. Hor et al. PRB 81, 195203 (2010)

Magnetic Topological materials: 1) magnetic doping
ØUse of Ferromagnetic impurities



Antiferromagnetic topological insulator MnBi2Te4

Hou et al., Nano Lett. 2019, 19, 2472−2477
M. . Otrokov et al. Nature 576: 416- 422 (2019)
A. M. Shikin et al. Sci. Rep. 10, 13226 (2020)

Magnetic Topological insulators:  stoichiometric systems

DFT theory

3d Based- Mn layer
Out of plane magnetization
Mn bands close to Ef 



Teng et al., 2019 J. Semicond. 40 081507 
Y.J. Chen et al. Phys. Rev. X  9, 041040 (2019)

Hou et al., Nano Lett. 2019, 19, 2472−2477
F. Mazzola et al. Nano Lett. 2023, 23, 17, 8035

2D ferromagnetism
3D A-type 

an_ferromagne_sm

4f – based

EuIn2As2

EuSn2As2

EuSn2P2

3d – based

MnBi2Te4

Antiferromagnetic topological insulator: 3d vs. 4f
Magnetic Topological insulators: 3) stoichiometric systems



A-type antiferromagnetism In-plane spin polariza_on signal on Eu 4f

𝑇!é#$ ~ 30 K

G. M. Pierantozzi, A. Devita  et al., PNAS, 119(4), e2116575119 (2022)

Magnetic Topological insulators: EuSn2P2

4f – based

EuSn2P2



A-type an_ferromagne_sm Spin directions?

Spin- resolved

ARPES

4f Eu level

Magnetic Topological insulators: EuSn2P2

G. M. Pierantozzi, A. Devita  et al., PNAS, 119(4), e2116575119 (2022)
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