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2D Materials 
through the lens of



Synchrotron Radiation
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Wide spectral range: from IR to -raysNaturally focused towards the forward direction

Horizontally polarized on the orbital plane

Pulsed time-structure



Radiation-Matter interaction 

http://hyperphysics.phy-astr.gsu.edu/hbase/mod3.html
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Radiation-Matter interaction: X-rays & -rays

J. Nucl. Med. Technol. 33 (1) 3-18 (2005)
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X-ray Absorption Spectroscopy (XAS)
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M. Newville, Fundamentals of XAFS, Rev. Miner. and Geochem. 78 (2014), 33-74
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At the absorption edge, the X-ray
photon will have enough energy
to promote the transition to the
unoccupied state.

The energy position of the resonant spectra (binding
energy) depends strongly on the nuclear charge

Element Specific



X-ray Absorption Spectroscopy (XAS)
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M. Newville, Fundamentals of XAFS, Rev. Miner. and Geochem. 78 (2014), 33-74
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If the energy is large enough, the
electron is ejected from the atom:
photoelectric effect.

When reaching the continuum, it will
scatter with the neighbouring atoms
surrounding the absorbing atom



XAS: Measurements
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x: thickness of the material

µ: X-ray absorption coefficient

Absorption 
edge

M. Newville, Fundamentals of XAFS, Rev. Miner. and Geochem. 78 (2014), 33-74

Beer-Lambert law
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X-ray Absorption Edges

G. van der Laan and AIF, Coord. Chem. Rev. 277, 95 (2014)

K-edge
L3-edge
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X-ray Magnetic Circular Dichroism (XMCD) 
difference in absorption for left- and right 
circularly polarized light.

Polarization dependent XAS

X-ray Linear Dichroism (XMLD)
difference in absorption for linearly polarized 
light  ⊥ and // to quantization axis

XMCD   <MJ> XMLD  <MJ
2>

Y. Yamasaki. Science & Technology Of Advanced Materials 26, 1, 2513217 (2025)



XMCD: magneto-optic effects
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E. Goering, MPI‐IS, Stuttgart. XMCD Lecture. 

Hund's rules analysis for the ground state of a 3d1

L = 2 ; S = ½  and J = L - S = 3/2
For T  0 and B   only mJ = -2 +1/2 = -3/2 is occupied (saturated)
Dipole-Selection-Rules:  l = ±1  circular Pol.: mJ = ±1

3/2
1/2
‐1/2
‐3/2

mJ = 
5/2
3/2
1/2
‐1/2
‐3/2
‐5/2

J = 5/2

J = 3/2

mJ = +1

right circ. left circ.lin pol.

mJ = 0 mJ = -1



X-ray Magnetic Circular Dichroism (XMCD)
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G. van der Laan and AIF, Coord. Chem. Rev. 277, 95 (2014)

Magnetic sensitivity

• Spin-dependent 
absorption of circularly 
polarised photon

• Maximum when 
magnetization parallel 
to x-ray propagation

• Element, site and shell 
specific

• Application of sum 
rules allows for 
extraction of mL and mS



XMCD sum rules
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Branching ratio sum rule

B. T. Thole & G. van der Laan, Phys. Rev. B 38, 3158 (1988); B. T. Thole, et al. 
Phys. Rev. Lett. 68, 1943 (1992); P. Carra, et al. Phys. Rev. Lett. 70, 694 (1993); 
G. van der Laan, Phys. Rev. Lett. 82, 640 (1999)

Orbital magnetic moment

Spin magnetic moment

Orbital to spin moment ratio



XMCD sum rules
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Fe XMCD spectrum

Contribution of L and S 
to XMCD signal

E. Goering, MPI‐IS, Stuttgart. XMCD Lecture. 



Example 
XMCD on 2D magnets
An example of the use of XMCD to investigate the 
magnetism of Fe(Ge, Ga)Te family of 2D materials 



2D Magnets

Huang et al. Nature 546, 270 (2017)

Fe3GeTe2

CrI3

Fei et al., Nat. Mater. 17, 778 (2018)

Kurebayashi et.al. Nat. Rev. 4, 150 (2022)

Perpendicular magnetic anisotropy 
Anisotropy-stabilized 2D magnetic order
Magnetism down to monolayer
Promising for ultra-compact spintronics



2D Magnets

B. Zhang et al. npj Spintronics 2 (2024) 6

Predicted family of half-metal 2D FM

21

Q. Wu et al. J. Phys. Chem. Lett. 9 (2018) 15, 4260–4266



2D Magnets: The FeGeTe (FGT) family

• Metallic character: itinerant ferromagnetism
• High prospect for (above) room temperature 

operation
• Highly tunable properties

Adding more Fe into FGT

Seo et.al. Sci. Adv. 6, eaay8912 (2020)

Deng et al., Nature 563, 94 (2018)

3 QLs

Control of TC and anisotropy by Fe content, 
electrostatic gating, strain engineering ...



Fe3GeTe2 on Gr/SiC

Strong perpendicular magnetic
anisotropy

Curie temperature around 220 K 0.0
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Magneto-transport

Lopes, … AIF, et al., 2D Materials 8, 041001 (2021) 

FGT Flakes

10 µm

Tan et al., Nat. Comm. 9, 1554 (2018)



FGT on Gr/SiC: MBE growth

Lopes, … AIF, et al., 2D Materials 8, 041001 (2021) 

(1) Epitaxial graphene on SiC(0001)
• Si sublimation at 1600 °C in Ar/15 min
• Single- (SLG), Bi-(BLG) and 

few-layer graphene (FLG) 
• Buffer layer (BL) on SiC(0001)

SLG

BLG/FLG

Buffer
Layer (BL)

SLG BLG

SiC(0001)

(2) MBE growth of Fe5-xGeTe2 (x = 2; 0)
• Growth temperature 300°C
• Fe:Ge:Te BEP* ratios: 1:1:20 (x ≈ 2)                                   

1.7:1:20 (x ≈ 0)
• Film thickness: 10nm to 20nm

* Beam equivalent pressure



Fe3GeTe2 on Gr/SiC

Strong perpendicular magnetic
anisotropy

Curie temperature around 220 K 0.0
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Lopes, … AIF, et al., 2D Materials 8, 041001 (2021) 

FGT Flakes

10 µm

Tan et al., Nat. Comm. 9, 1554 (2018)



Fe3GeTe2 on Gr/SiC
Microscopic magnetic properties by XMCD

XMCD in agreement with magneto-transport results. 
Application of sum rules yield magnetic moments: 

Total = 1.18 ± 0.10 B /Fe 
orb = 0.047 ± 0.004 B /Fe
spin = 1.13 ± 0.09 B/Fe

Lopes, … AIF, et al., 2D Materials 8, 041001 (2021) 
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Fe4.75GeTe2 on Gr/SiC

15 nm   Fe4.75GeTe2

Ferromagnetism with out-of-plane 
remanence above room temperature 4 K
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Magneto-transport

Lv, … AIF, et al., Small 19, 2302387 (2023)



Fe4.75GeTe2 on Gr/SiC

Lv, … AIF, et al., Small 19, 2302387 (2023)

Arrott plot (A
2 vs. 0H/A) 

A is the amplitude of an AHE hysteresis loop 
Remanence of the AHE 

resistivity Coercivity

TC above 350 K
Perpendicular magnetic anisotropy

Estimation of the Curie temperature, TC from magneto-transport 



Fe4.75GeTe2 on Gr/SiC
Estimation TC from SQUID Comparison with previous works

Fe5-xGeTe2 (0 < x ≤ 0.4, TC  280 - 320 K)

• May et al., ACS Nano 2019, 13, 4436 (bulk crystal, flakes)
• Ribeiro, et al., npj 2D Mater Appl 2022, 6, 10 (MBE film on Al2O3)
• Ly et al., Adv. Funct. Mater. 2021, 31, 2009758 (bulk crystal)
• Nair et al., Nano Res. 2022, 15, 457. (CSCVD flakes)
• Liu et al. National Sci. Rev. 2022, 9, nwab117 (MBE film on Al2O3)
• Wang, et al., Nature Comms. 2023, 14, 2483 (MBE film on Al2O3)

This work

Seo et.al. Sci. Adv. 
2020, 6, eaay8912

Lv, … AIF, et al., Small 19, 2302387 (2023)

TC above 350 K
Perpendicular magnetic anisotropy



Fe4.75GeTe2 on Gr/SiC

Lv, … AIF, et al., Small 19, 2302387 (2023)

Estimation of TC and anisotropy from XMCD

• Ferromagnetic character with 
TC above room temperature 

• Out-of-plane anisotropy observed at low 
temperatures 

• Magnetization undergoes an in-plane 
reorientation transition at  220 K

• TEY detection used for XMCD is surface 
sensitive and probes the topmost FGT 
layers (~ 5 nm) 

Application of sum rules yield an 
effective magnetic moments

eff = 1.13 ± 0.10 B /Fe 



Fe3GaTe2 on Gr/SiC

T. Shinwari1 et al. arXiv:2505.06128v1 (2025)

Macroscopic Magnetometry

Best fit using a 3D Heisenberg 
model: a 10 nm-thick FGaT film 
already acts as a 3D magnetic 
system despite a relatively small 
thickness of only 6 unit cells of FGaT

TC above 380 K
Perpendicular magnetic anisotropy

Critical exponents analysis



Fe3GaTe2 on Gr/SiC

T. Shinwari1 et al. arXiv:2505.06128v1 (2025)

Microscopic Magnetometry: XMCDMagneto-transport

TC above 380 K

Sum rules analysis: eff = 1.16 B /Fe 



Conclusions
● XAS and XMCD are powerful SR-based techniques to investigate 2D materials
● High-quality epitaxial growth of vdW heterostructures combining 2D materials: 

Large area growth of Fe(Ge,Ga)Te and films on graphene by MBE
● Complementary magnetometries, including magneto-transport and XMCD, revealed 

the macroscopic and microscopic magnetic properties of 2D Fe(Ge,Ga)Te
ferromagnets

● Robust perpendicular anisotropy for different Fe concentration
● Composition-dependent TC with values above 350 K for 15 nm Fe4.75GeTe2 and 

Fe3GaTe2 films



THANKS!

Do you have any questions?
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