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Magnetic doping Magnetically gapped surface state:
A Exchange gap at the Dirac point
A Chiral edgestate transport

A Spirtmomentum locking
A Protection by timereversal symmetry é Q & A Quantum anomalous Hall effect
1 —

Pristine TSS:
A Gapless Dirac surface state

Conduction band

E—)

Out-of-plane exchange field

Valenc: Breaks timereversal symmetry
band

Surface state

Nature ReviewsPhysicd, 126 (2019)

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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Binding energy (eV)

Magnetic doping in topological insulators @i dea‘

Surface doping Magneticextension Proximityto magneticlayers
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Npj Quant. Mat.2022, 7, 1¢9 PRL125, 226801 (2020)

A Defects concentration can drastically A Neither significant induced magnetism
alter the electronic properties and within the Tl nor an enhancement of the

magnetic order Eu magnetic moment

Science329, 659 (2010)

Multiple adsorption sites.
Clustering and
iInhomogeneities.

Lack of control of the magnetic Lack of experimental reproducibility
anisotropy Rely on sophisticated and complex growing methods
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RareEarths as magnetic surface dopants in topological insulator substrate®

A Larger sizéhprevents from substitutional

siteshreduced the multiplicity of

adsorption configuration§hbetter control

of magnetic anisotropy

Al yvLI ANBR

eventually maximize gap opening

A HighCurie Temperatures

A Previous results on REslkadk
substitutional dopantson Tis showed
contradictory and norconclusive
results.
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L.I._ ST M ( 1 - 2 K) ALBA SYNCHROTRON

/ STM Structural defect characterizatio. "
v Local electronic properties (STS/QPIs) v XPS: Chemical characterization
v ARPES: TSS characterization

A Bulk single crystalExfoliated insitu (UHV) at T = 15 K _ _ o
A Er impuritiesdeposited by means of anteam evaporator. V' XASXMCD: magnetic characterizatio
A ARPEBPS @ T=15K.XMCD @ T=7.5K
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' ARPES Er/BveTe: Fermi surface and TSS band dispersion
FS transition from warped hexagonal to trigonal pattern
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Pristinesample shows the typiclexagonal
warping FS patterifless pronounced than in
Bi,Te;) derived from higkorder spirorbit
coupling effects.
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Phys. Rev. Resear¢h033198 (2022)
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Er/Bi,SeTe: Fermi surface and TSS band dispersion @i dea?s
Modelling FS transition from warped hexagonal to trigonal pattern

'l

ke (LAY b)
it ' AmIS0 ev-AY, AmO 12 Y

H = wog(kyoy — kyo,) + (Ak® cos 30 — A)o,

Introducing aZeeman magnetic odof-plane term witha

A
H = wop(ko, — kyoy) + E{ki +k)o,

Expected hexagonal warping of largeexchange coupling dD~ 0.1 eVin the Hamiltonian,
prototypical 3D topological insulators as describes the experimental band dispersion:
Bi,Te, - FS transition from hexagonal to trigonal

B. Mufiiz Cano et al., Nano Letters - Gap opening at the DP

Nano Lett. 202323, 13, 6249 _ _
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Er/Bi,Te,: STM Structural defect characterization @i deaf

Bi, Te, crystal

% fe Bridgman method
B o, ‘
‘\ < Er deposition
_ Islands
New defects not

A reported in pristine

samples

STM DFT STM DFT

Ergi (1)

1V, 70pA

STMDFT comparison identifies Er
substitutional defects in both Bi

layers of the first quintuple layer B. MufiizCancet al.,Advanced Materials10877 (2025)
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Magnetic anisotropy of Er impurities probed by XMCD
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B. MufizCanocet al.,Advanced Materiale10877 (2025)

Er dopants provide the oubf-plane magnetic component required to break TRS at the
topological surface state
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ARPES: gap opening at the DP in the TSS of Bi2Te3
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Gapless TSS with a
single peak at the
Dirac point

The Dirac point shifts by
D60 meVtowardsO
'bp-type doping,
consistent with XPS

The EDC requires two TSS
components separated
byw ¢ meV

bgap opening at the

Dirac point

Together with XMCD, the gap is consistent with
magnetically induced TRS breaking
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Magnetic origin of the Staof-David Fermi surface =i dea T
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QPI locally resolves a trigonal TSS contour irBitile dea
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ARPES provides a momentuasolved 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 transfori
related to the constantnergy electronic structure at the energy selected by the STM bias voltage.

a) Experimental QPI V, = 0.2 V b) Calculated JDOS c) Dispersion Calculated JDOS - Hexagonal CEC
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B. MufizCanoet al.,Advanced Materials10877 (2025)

The experimental asteriskke QPI pattern is reproduced by one of the two trigonal TSS contours, rather than
the hexagonally warped contour expected for pristineA i ¢ S
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Experimental Demonstration of a Magnetically Induced Warping Transition in | dea 9

a Topological Insulator Mediated by Ratearth Surface Dopants
Results: pristine BbgTe
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Results: pristine BbgTe

Sample Preparation:
2D Brillouin Zone
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Experimental Demonstration of a Magnetically Induced Warping Transition in |
a Topological Insulator Mediated by Ratearth Surface Dopants
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QPI Signatures of TRS Breakirkgy/Bi, Te,
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ARPES evidence of the warping transition
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Theoretical modeling of the warping transition
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