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Summary

ṉ Why magnetically dope topological 
insulators?
ṉ Rare-earth surface doping as an alternative 
strategy

ṉ From Er/.ƛі{Ŝі¢Ŝ to Er/.ƛі¢Ŝї
ÅStructural and chemical characterization: 

STM and XPS 
ÅMagnetic properties: XMCD 
ÅTopological surface state: ARPES 
ÅModelling of time-reversal symmetry 

breaking 

Magnetic warping transition and gap opening 
at the topological surface state

Rare-earth surface doping of topological insulators: 
from the first LOREA user publication to 
microscopic insight into TRS breaking
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Why magnetically dope topological insulators?

Nature ReviewsPhysics1, 126 (2019) 

Pristine TSS:
Å Gapless Dirac surface state
Å Spinςmomentum locking 
Å Protection by time-reversal symmetry

Magnetic doping

Out-of-plane exchange field
Breaks time-reversal symmetry

Magnetically gapped surface state:
Å Exchange gap at the Dirac point 
Å Chiral edge-state transport 
Å Quantum anomalous Hall effect

Requirements for the QAHE: an exchange gap, the Fermi level inside 
the gap, and robust magnetic order

Experimentally challenging: the QAHE generally emerges only at very low temperatures
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Magnetic doping in topological insulators

Surface doping

Fe-dopedBi2Se3

Å Multiple adsorption sites. 
Å Clustering and 

inhomogeneities.
Å Lack of control of the magnetic 

anisotropy

Science329, 659 (2010)
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Magneticextension

MnBi2Te4

Å Defects concentration can drastically 
alter the electronic properties and 
magnetic order

Npj Quant. Mat. 2022, 7, 1ς9

Proximityto magneticlayers

EuS/TIs

Å Neither significant induced magnetism 
within the TI nor an enhancement of the 
Eu magnetic moment

PRL 125, 226801 (2020)

Rely on sophisticated and complex growing methods

Lack of experimental reproducibility
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Å Larger size Ҧ prevents from substitutional 
sites Ҧ reduced the multiplicity of 
adsorption configurations Ҧ better control 
of magnetic anisotropy

Å¦ƴǇŀƛǊŜŘ пŦ ŜƭŜŎǘǊƻƴǎ Ҧ large magnetic 
moments Ҧ ŜƴƘŀƴŎŜŘ ƳŀƎƴŜǘƛŎ ŀƴƛǎƻǘǊƻǇȅ 
and allow a lower doping concentration and 
eventually maximize gap opening

Å High Curie Temperatures

Å Previous results on REs as bulk 
substitutional dopants on Tis showed 
contradictory and non-conclusive 
results.

B. Muñiz Cano PhD thesis and references therein

Rare-Earths as magnetic surface dopants in topological insulator substrates



Experimental Approach: STM-XPS-XMCD-ARPES

LT-STM (1.2 K)

 STM Structural defect characterization
 Local electronic properties (STS/QPIs)

LOREA beamline

 XPS: Chemical characterization
 ARPES: TSS characterization

BOREAS beamline
HECTOR endstation

 XAS-XMCD: magnetic characterization

Miguel A. Valbuena. ALBA UsersMeeting September 2026

Å Bulk single crystal. Exfoliated in-situ (UHV) at T = 15 K
Å Er impurities deposited by means of an e-beam evaporator.
Å ARPES/XPS @ T = 15 K. XMCD @ T = 7.5 K



Pristine sample shows the typical hexagonal 
warping  FS pattern (less pronounced than in 
Bi2Te3) derived from high-order spin-orbit 
coupling effects.

ARPES Er/Bi2Se2Te: Fermi surface and TSS band dispersion
FS transition from warped hexagonal to trigonal pattern

B. Muñiz Cano et al., Nano Lett. 
2023, 23, 13, 6249

Er-doped .{¢ ¢{{ Ҧ C{ ǿŀǊǇƛƴƎ ǎȅƳƳŜǘǊȅΥ 
ƘŜȄŀƎƻƴŀƭ Ҧ ǘǊƛƎƻƴŀƭ

Phys. Rev. Research 4, 033198 (2022)

Theoretically predicted for intrinsic 
magnetic topological insulators (MnBiTe) 

with long-range FM order

T = 15 K hn = 52 eV 

Miguel A. Valbuena. ALBA UsersMeeting September 2026



Introducing a Zeeman magnetic out-of-plane term with a 
large exchange coupling  of D ~ 0.1 eV in the Hamiltonian, 
describes the experimental band dispersion:
- FS transition from hexagonal to trigonal
- Gap opening at the DP

Expected hexagonal warping of 
prototypical  3D topological insulators as 

Bi2Te3

Er/Bi2Se2Te: Fermi surface and TSS band dispersion
Modelling FS transition from warped hexagonal to trigonal pattern

B. Muñiz Cano et al., Nano Letters 
Nano Lett. 2023, 23, 13, 6249
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Bi2Te3 crystal

Bridgman method  

Er deposition

Islands

New defects not 
reported in pristine 

samples

Te

Er

B. Muñiz-Cano et al., Advanced Materials e10877  (2025)
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STMςDFT comparison identifies Er 
substitutional defects in both Bi 
layers of the first quintuple layer

Er/Bi2Te3: STM Structural defect characterization

1V, 70 pA

ErBi(2)



XPS: Surface and Chemical Characterization

Enery shift at Te 4d

Å  charge transfer from Er islands to 
substrate.

Å No new components appearing

Å p-type doping consistent with ARPES).

Intensity of new component

Å Increases with Er coverage 

Å Not proportional to total Er

New Bi 5Ὠ component 

Å  ErςBi interaction. Corroborates STM 
defect characterization

B. Muñiz-Cano et al., Advanced Materials e10877  (2025)
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Direct evidence of ErςBi 
interaction



Stronger XMCD signal and higher saturation magnetization @ normal incidence

Ҧ ƻǳǘ-of-plane magnetic anisotropy

XLD line-shape Ҧ reported for other atomic or molecular Er systems with out-of-
plane magnetic anisotropy 7.5 K

Magnetic anisotropy of Er impurities probed by XMCD
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Er dopants provide the out-of-plane magnetic component required to break TRS at the 
topological surface state

B. Muñiz-Cano et al., Advanced Materials e10877  (2025)



ARPES: gap opening at the DP in the TSS of Bi2Te3
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The Dirac point shifts by 
Ḑ60 meV towards Ὁ
Ҧ p-type doping, 
consistent with XPS
The EDC requires two TSS 
components separated 
by ῳ φπmeV
Ҧ gap opening at the 
Dirac point

Gapless TSS with a 
single peak at the 
Dirac point

B. Muñiz-Cano et al., Advanced Materials e10877  (2025)

T = 15 K hn = 52 eV 

Together with XMCD, the gap is consistent with 
magnetically induced TRS breaking



Bi2Te3 0.3 Er ML / Bi2Te3

Er deposition 
produces: 
Ҧ Ǉ-type doping
Ҧ 5ƛǊŀŎ-gap opening
Ҧ {ǘǊƻƴƎ FS 
reshaping

-345 meV
- 285 meV

ɲ= 60 meV

ARPES: FS magnetic warping transition 
ŦǊƻƳ άǎƴƻǿ-ŦƭŀƪŜέ ǘƻ άǎǘŀǊ-of-5ŀǾƛŘέ ǇŀǘǘŜǊƴ
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Er transforms the snowflake-like Fermi surface into a Star-of-David pattern

B. Muñiz-Cano et al., Advanced Materials e10877  (2025)

T = 15 K hn = 52 eV 



15 K

TSS composed of two 
opposite trigonal Dirac 

cones

Fermi Surface and constant energy contours

Bi2Te3 0.3 Er ML / Bi2Te3
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Magnetic origin of the Star-of-David Fermi surface

Two magnetic Zeeman 
terms with opposite 

sign

B. M. Cano., Adv. Ma. e10877  (2025)

Asymmetric double-
branch dispersion of 
the TSS

T = 15 K hn = 52 eV 

The Star-of-David pattern can be 
described as the superposition of 

two oppositely oriented trigonal TSS 
contours

B. M. Cano., Nano Letters 2023



QPI locally resolves a trigonal TSS contour in Er/BiіTeї
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ARPES provides a momentum-resolved but spatially averaged view of the occupied electronic structure. QPI offers a 
complementary local probe of the proposed interpretation.

Elastic scattering of surface electrons by defects produces quasiparticle interference patterns whose Fourier transform is 
related to the constant-energy electronic structure at the energy selected by the STM bias voltage.

The experimental asterisk-like QPI pattern is reproduced by one of the two trigonal TSS contours, rather than by 
the hexagonally warped contour expected for pristine .ƛі¢Ŝї

B. Muñiz-Cano et al., Advanced Materials e10877  (2025)



STM/XPS
Conclusions
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Te

Er

Direct 
microscopic 

evidence Er-Bi 
interaction

XMCD

Out-of-plane 
magnetic 

anisotropy

Consistent 
picture of 

magnetically 
induced TRS 

breaking

ARPES

Gap opening at DP

QPI locally 
resolves a trigonal 
TSS component, 
supporting the 

superposition of 
two opposite 

Zeeman 
contributions

Magnetically 
induced FS 
transition 
ŦǊƻƳ άǎƴƻǿ-
ŦƭŀƪŜέ  ǘƻ ŀ 
άǎǘŀǊ-of-
5ŀǾƛŘέ

STS/QPIs
Rare-earth surface 

doping provides key 
ingredients toward 
the QAHE: out-of-

plane magnetism, p-
type doping and 

Dirac-gap opening
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B. Muñiz Cano et al., Nano Letters Nano Lett.2023, 23, 13, 6249

Experimental Demonstration of a Magnetically Induced Warping Transition in 
a Topological Insulator Mediated by Rare-Earth Surface Dopants

Results: pristine Bi2Se2Te

3D quintuple layer 
crystal structure.

XPS spectrum: intense and narrow peaks, 
very well-defined spin-orbit doublets 
prove the surface quality after in situ 
exfoliation.

Pristine Bi2Se2Te TSS 
ARPES bandmap along the 
ɱY ŘƛǊŜŎǘƛƻƴ yields:



Results: pristine Bi2Se2Te

3D quintuple layer 
crystal structure.

XPS spectrum: intense and narrow peaks, very well-
defined spin-orbit doublets prove the surface quality 
after in situ exfoliation.

Pristine Bi2Se2Te TSS 
ARPES bandmap along the 
ɱY ŘƛǊŜŎǘƛƻƴ yields:

Å Bulk single crystal
Er (Dy) impurities deposited by 
means of an e-beam evaporator.
Å  XPS and ARPES performed at a T = 

15 K
Å Exfoliated in-situ (UHV) at T = 15 

K
Å Linear horizontal polarization 

with Ƙ ˄= 100 (XPS) and 52 
(ARPES) eV

2D Brillouin Zone
Sample Preparation:

LOREA beamline (ALBA synchrotron)



Experimental Demonstration of a Magnetically Induced Warping Transition in 
a Topological Insulator Mediated by Rare-Earth Surface Dopants

Results: 0.3 Er ML doped Bi2Se2Te XPS

B. Muñiz Cano et al., Nano Letters Nano Lett.2023, 23, 13, 6249

Å No extra components at higher BEs 
Ҧ ƴƻ ǎǳǊŦŀŎŜ ƻȄƛŘŀǘƛƻƴ ƻǊ 
contamination

Å No widening of the peak + very sharp 
and well resolved multipeak structure 
Er 4f states Ҧ no further disorder 
Introduced

Å{ŜŎƻƴŘ .ƛ рŘ ŎƻƳǇƻƴŜƴǘ Ҧ ƛƴǘŜƴǎƛǘȅ
linearly increases with the Er coverage
Ҧ ǊŜƭŀǘŜŘ ǘƻ ǎǳǇŜǊŦƛŎƛŀƭ .ƛ-Er bond +
interaction at the RE-TI interface

Å Se 3d, Te пŘΣ .ƛ рŘ Ҧ ŀǘǘŜƴǳŀǘŜŘΦ

Å.ƛ рŘ ǇŜŀƪ ŀǘǘŜƴǳŀǘƛƻƴ Ҧ Er 
coverage estimation
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QPI Signatures of TRS Breaking in Er/Bi2Te3

dI/ dV mapTOPO
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QPI Signatures of TRS Breaking in Er/Bi2Te3

Te
Er
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ARPES evidence of the warping transition

Manuela Garnica
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Theoretical modeling of the warping transition
/ŀƭŎǳƭŀǘƛƻƴǎ ōȅ tŀŎƻ DǳƛƴŜŀΩǎ ƎǊƻǳǇ

Manuela Garnica
Nano Lett. 23, 6249 (2023)
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Magnetic doping of Bi2Te3

Induce long range FM order

Out of plane magnetization

Er

Open gap at Dirac point

Transformation of the TSS

Possibility to realize 

new phenomena 

Magnetic doping of Bi2Te3

Direct evidence of microscopic mechanisms of TRS breaking

B. Muñiz-Cano et al., Advanced Materials e10877  (2025)



Experimental Demonstration of a Magnetically Induced Warping Transition in 
a Topological Insulator Mediated by Rare-Earth Surface Dopants

B. Muñiz Cano PhD thesis 2024

Bi2Te3 vs Er/Bi2Te3



Experimental Demonstration of a Magnetically Induced Warping Transition in 
a Topological Insulator Mediated by Rare-Earth Surface Dopants

Å Most read paper at Nano 
Letters after the first 30 days 

of publication



Experimental Demonstration of a Magnetically Induced Warping Transition in 
a Topological Insulator Mediated by Rare-Earth Surface Dopants

Å First scientific publication of Spin-ARPES group
Å First scientific publication of LOREA 

beamline, ALBA Synchrotron.
Å Among the first users, November 2021


