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Summary

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

v/ From Er/Bi,Se,Te to Er/Bi,Te;
Structural and chemical characterization:

STM and XPS
Magnetic properties: XMCD
Topological surface state: ARPES

Modelling 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?
pinl:::PES

Pristine TSS: Magnetic doping Magnetically gapped surface state:

* Gapless Dirac surface state * Exchange gap at the Dirac point

e Chiral edge-state transport
Quantum anomalous Hall effect

e Spin—momentum locking

* Protection by time-reversal symmetry
Conduction band ‘
1 —

Surface state

Out-of-plane exchange field

Valenc Breaks time-reversal symmetry
band

Nature Reviews Physics 1, 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

>

Surface doping

Magnetic extension Proximity to magnetic layers
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Science 329, 659 (2010)

: : : . i i * Neither significant induced magnetism
. Multiple adsorption sites. Defects concentra?tlon can o-lrastlcally eitl g g
. Clustering and alter the electronic properties and within the Tl nor an enhancement of the
: "y [ Eu magnetic moment
inhomogeneities. magnetic order 8
* Lack of control of the magnetic Lack of experimental reproducibility
anisotropy Rely on sophisticated and complex growing methods
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e Larger size - prevents from substitutional Rare Earth Elements
sites - reduced the multiplicity of
adsorption configurations - better control _
of magnetic anisotropy v

* Unpaired 4f electrons - large magnetic
moments - enhanced magnetic anisotropy
and allow a lower doping concentration and
eventually maximize gap opening
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B. Muiiz Cano PhD thesis and references therein

Miguel A. Valbuena. ALBA Users Meeting September 2026



D

Experimental Approach: STM-XPS-XMCD-ARPES
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pin-AR BOREAS beamline

LOREA beamline HECTOR endstation

n
EXCELENCIA
ok ke SEVERO
HHH OCHOA .

ALBA

LT-STM ( 1 . 2 K) ALBA SYNCHROTRON

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

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

' XAS-XMCD: magnetic characterization
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ARPES Er/Bi,Se,Te: Fermi surface and TSS band dispersion
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FS transition from warped hexagonal to trigonal pattern

T=15Khv=52eV
BizSe:Te
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B. Muiiiz Cano et al., Nano Lett.

2023 23 13 6249
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04

Pristine sample shows the typical hexagonal

» warping FS pattern (less pronounced than in
Bi,Te;) derived from high-order spin-orbit

coupling effects.

Er-doped BST TSS = FS warping symmetry:
hexagonal = trigonal

Theoretically predicted for intrinsic
magnetic topological insulators (MnBiTe)
with long-range FM order

v (©)
B __0.051

e

—0.051

ky/(2x/a

205 00 ko 05 ~005 000 0.05

k./(27/a)

03 02 01 00, 01 02 O Phys. Rev. Research 4, 033198 (2022)
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Er/Bi,Se,Te: Fermi surface and TSS band dispersion A&Jgﬁ% Qur
Modelling FS transition from warped hexagonal to trigonal pattern

el nlll b)

'l

AmIS0 ev-AY, AmO 12 Y

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

Introducing a Zeeman magnetic out-of-plane term with a

A
H = wop(ko, — kyoy) + E{ki +k)o,

Expected hexagonal warping of large exchange coupling of A~ 0.1 eV in the Hamiltonian,
prototypical 3D topological insulators as describes the experimental band dispersion:
Bi,Te; - FS transition from hexagonal to trigonal

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

Nano Lett. 2023, 23, 13, 6249
Miguel A. Valbuena. ALBA Users Meeting September 2026



Er/Bi,Te,: STM Structural defect characterization =i deat:

nanociencia

Bi,Te, crystal

%E Bridgman method
e, e, $
‘ DR v Er deposition

_ Islands
Bi,

New defects not

A reported in pristine

samples

STM DFT STM DFT

Ergi (2)

IV, 70PA  sTM-DFT comparison identifies Er
substitutional defects in both Bi
layers of the first quintuple layer

B. Muiiz-Cano et al., Advanced Materials e10877 (2025)
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XPS —— Pristine Bi,Te, BVB
100 eV te4q — O3MLEr Er 4f
Enery shift at Te 4d veTne l \
. 5 TSS
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K}
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g | I | | I | | | |
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* p-type doping consistent with ARPES).
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B. Muiiz-Cano et al., Advanced Materials e10877 (2025)
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Magnetic anisotropy of Er impurities probed by XMCD

-
A
I

Stronger XMCD signal and higher saturation magnetization @ normal incidence

- out-of-plane magnetic anisotropy

XLD line-shape — reported for other atomic or molecular Er systems with out-of-

plane magnetic anisotropy
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B. Muiiz-Cano et al., Advanced Materials e10877 (2025)

Er dopants provide the out-of-plane magnetic component required to break TRS at the

topological surface state
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0.2

ARPES: gap opening at the DP in the TSS of Bi2Te3
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B. Muiiiz-Cano et al., Advanced Materials e10877 (2025)

-0.2
E - E; (eV)

02 Dirac point

Together with XMCD, the gap is consistent with
magnetically induced TRS breaking
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ARPES: FS magnetic warping transition
from “snow-flake” to “star-of-David” pattern
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Er transforms the snowflake-like Fermi surface into a Star-of-David pattern
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Magnetic origin of the Star-of-David Fermi surface @l deat:
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Fermi Surface and constant energy contours
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, QPI locally resolves a trigonal TSS contour in Er/Bi,Tes

pin:PES
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.

a) Experimental QPI V, = 0.2 V b) Calculated JDOS c) Dispersion Calculated JDOS - Hexagonal CEC
i ] el | 1 @ ARPES i :
. i b <o 04— O ST™M i
0.5 0.5 — STM fit 0.5+
i i =03 ; 2 1
% 0 ] 2_"5, 0 i 0
N F 1 Sl | 20T ]
5 0.5 0.5
. - R I ) Dirac point AR E T Lot -
T T T l T T | I T T T T I T T T T T I T T T T I T T T T I T T T _0-4 T T T T I T T | W EER | I 5.-§-8: 3§ ' T & 1 1 I L .
—05 0 0.5 05 0 0.5 0 0.5 05 0 05
ay (A7) ax (A7) CEC edge (A7) gy (A1)

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

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 Bi,Tes

Miguel A. Valbuena. ALBA Users Meeting September 2026



i IR O zeznce
Conclusions %ﬁglﬂﬁﬂ -

STM/XPS \ /

Tey " Es
T ;yr °&°Bi1 induced FS
NYRA Consistent tranzltlon
%Biz picture of from ”snow-
e magnetically ﬂfke toa
Direct induced TRS star:oj—
microscopic breaking David

/

QPI locally \

evidence Er-Bi
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Experimental Demonstration of a Magnetically Induced Warping Transition in v | O zeccn
. . ] | ea € oemod
a Topological Insulator Mediated by Rare-Earth Surface Dopants

Results: pristine Bi,Se,Te
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exfoliation.

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



Results: pristine Bi,Se,Te

Sample Preparation:
2D Brillouin Zone

. Bulk.smgle. c-rystal | a) =32 b) o d) = -
Er (Dy) impurities deposited by > g = >R oM = > M
means of an e-beam evaporator. -, ** /
t_ y ’ - -l \\.~F
XPS and ARPES performed ata T = T a A N
A% _ i Se Nl S B > 3
15 K = > !® ®!Bi ' iﬁ =
. . . _ Py —s e B [ ; g
* Exfoliated in-situ (UHV) at T = 15 e—* | 9 g € 53 .
K s—H—P|8__SiSe 3 ————T &
. . . . "—“—: > s |Se E Te 4d Biad
* Linear horizontal polarization e=5* | ® !B §isexd H <
. _ &= —\ﬁ\ = :\ ® ) Te %‘ R - : s
with hv = 100 (XPS) and 52 ‘,,_i, ot - P i oo
(ARPES) eV e — E-EF (eV) Ky (A'1)

3D quintuple layer  XPS spectrum: intense and narrow peaks, very well-
crystal structure. defined spin-orbit doublets prove the surface quality
after in situ exfoliation.

Pristine Bi.Se:Te TSS Epe = 440 meV
Yo A pr, S A ARPES bandmap along the No gap
e YRS - e [K direction yields: Ve =(7.120.1)-10° mis

LOREA beamline (ALBA synchrotron)



Intensity (arb. units)

Intensity (arb. units)

Experimental Demonstration of a Magnetically Induced Warping Transition in

=i dea

a Topological Insulator Mediated by Rare-Earth Surface Dopants

Results: 0.3 Er ML doped Bi,Se,Te XPS

é} —— Pristine Bi2592+e Er4f
— Er0.3 ML T
hv =100 eV VB
Bi 5d
Te 4d
Se 3d
TS5
L '] L I// /,k 1 Er 41 m
-60 =50 40 -30 -20 =10 4] -12 -8 -4 0
E-E; (eV) E-E; (eV)
b) PrIEtIﬂB » Exp. data C) +Er 0.3 ML ﬂ‘ Exp. datz
— Fit —fit
fE Main component } Main companent
—— Shirley background I Ei-Er component
[ k f — Shirley background
Bi 5d
1 {1 ﬁ Bisd | |
1 5 "E' t
£
B
z
0
&
a
E
—_— . —_— I
30 28 26 24 b 20 2 a0 28 28 22 20
E-Er (eV) E-E (eV)

B. Muiiz Cano et al.,

* Se 3d, Te 4d, Bi 5d - attenuated.

* Bi5d peak attenuation - Er
coverage estimation

* No extra components at higher BEs
— no surface oxidation or
contamination

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

* Second Bi 5d component = intensity
linearly increases with the Er coverage
- related to superficial Bi-Er bond +
interaction at the RE-Tl interface

Nano Letters Nano Lett. 2023, 23, 13, 6249
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QPI Signatures of TRS Breaking in Er/Bi,Te,

Experimental QPI V, =0.2 V

d//dV map

Manuela Garnica 22



QPI Signatures of TRS Breaking in Er/Bi,Te,
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ARPES evidence of the warping transition
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Theoretical

Calculations by Paco Guinea’s group

modeling of the warping transition
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Magnetic doping of Bi,Te,

Er @

\ OTe Magnetic doping of Bi,Te,

O Bi
e © o & o ‘
I O 8 .. ®
e 8 8 ®

¢ o o ¢ o Direct evidence of microscopic mechanisms of TRS breaking
@ @ O @

ARPES

CEC

XMCD (arbitrary units)

Fit: results:
K= 1.05 +- 0.02 meV
Mi=7.95 +- 0.12 pg

T T T I I I I

RS \\f/

JDOS

6 -4 -2 0 2 4 6

Induce long range FM order Open gap at Dirac point Possibility to realize
Out of plane magnetization Transformation of the TSS new phenomena

Manuela Garnica B. Mufiiz-Cano et al., Advanced Materials e10877 (2025) 26



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

Bi,Te; vs Er/Bi,Te;
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* First scientific publication of Spin-ARPES group

IMDEA Nanociencia Investigacion Colaboraciones Servicios Empleo Transparencia
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Inicio / Noticias
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Una nueva huella espectroscépica de interacciones magnéticas entre estados topoldgicos y dopantes magnéticos de tierras raras, primer articulo del
laboratorio Spin-ARPES en IMDEA Nanociencia

Una nueva huella espectroscdpica de interacciones magnéticas entre estados topoldgicos y
dopantes magnéticos de tierras raras, primer articulo del laboratorio Spin-ARPES en IMDEA
Nanociencia

23.05.2023

Apertura de gapy posterior transiddn de deformacidn en Bi2Se2Te inducida
por dopaje superficial de tierras raras con impurezas magnéticas Er y Dy.

Imagen: Patricia Bondia.
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Experimental Demonstration of a Magnetically Induced Warping Transition in dea
a Topological Insulator Mediated by Rare-Earth Surface Dopants

 First scientific publication of LOREA
beamline, ALBA Synchrotron.
* Among the first users, November 2021
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Experimental Demonstration of a Magnetically Induced Warping Transition in |ﬁtﬂea Qo

a Topological Insulator Mediated by Rare-Earth Surface Dopants nanociencia

Results: TSS Band dispersion: Theoretical modelling
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Results: p-type doping at TSS. Gap at the DP
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linear branches at 440 meV

— Punctual maximum of intensity in the
EDCatl

* Er-doped BST:

- Linear dispersion renormalized to
parabolic

— Plateau in the EDC at I instead of
maximum of intensity
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Experimental Demonstration of a Magnetically Induced Warping Transition in | dea
a Topological Insulator Mediated by Rare-Earth Surface Dopants

Results: p-type doping at TSS. Gap at the DP
MDC multipeak fit analysis
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Experimental Demonstration of a Magnetically Induced Warping Transition in
a Topological Insulator Mediated by Rare-Earth Surface Dopants

Results: p-type doping at TSS. Gap at the DP

Multipeak fit analysis summary
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e A gap at the DP is magnetically induced ~ 70 meV
e P-type doping as a function of Er coverage
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Experimental Methods

LOREA beamline (ALBA synchrotron)
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nanociencia s &

EXCELENCIA

SEVERO :

OCHIOA
Institut Catala

de Nanociéncia
i Nanotecnologia
MOROCCO ___( )
e Bulk single crystal
Er (Dy) impurities deposited by means of an e- e .
beam evaporator. B. Muiiz Cano PhD thesis
XPS and ARPES performed ata T =15 K A“&';;T e Cr&éo-ma"ifpmatm:
o . . . _ - emispnerical analyser - -axes of movement.
E_XfOIIatEd .In-SItu (UHV_) at_T - 1'5 K - Resolution better than 1 meV and 0.12- Allows reaching temperatures lower
* Linear horizontal polarization with hv = 100 _ Fast Fermi Surface mapping mode than 7.5 K
(XPS) and 52 (ARPES) eV - Recently added spin detector

B. Muiiiz Cano et al., Nano Letters Nano Lett. 2023, 23, 13, 6249
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Magnetic doping in topological insulators. i
Realization of QAHE

Spin-ARPES
Lab

Topological surface states (TSS):

- Strong SOC = Band inversion =
Bulk insulating + Topological
protected surface states

- Dirac relativistic massless Fermions.

- Spin locked to the momentum.

- Topologically protected against
back-scattering

d)

QAHE: Purely QA

dissipationless spin- ') HE
.

m
polarized currents in —
HOTHD
OO T4

the absence of a
B. Muniz Cano PhD thesis and references therein
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magnetic field
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Out-of-plane magnetic moments break TRS symmetry
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B. Muiiz Cano PhD thesis and references therein
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Magnetic doping strategies: Substitutional or surface doping 3d FM materials

a) Subtitutional or surface doping
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1 &= — e
i £ =—=CE Q=R
s & N[ s = 2 —3
i 5 SSB N S—— &
=i~ b =7, —=—|1
e = =
H ] g — = o
| HE ¥ ; = =
| ;@ —— =]

0o 00s 04 02 0 5 04 02 0
k (I/A) Binding energy (eV) k (1/A) Binding energy (eV)

uniz Cano PhD thesis and references therein

» K Low-Temperature Deposition

B.M
K < y
S
)
>
)
[0
|
w
o
£
©
c
£
08+ OML

-0.1 0.0 0.1
Wave Vector k, (1/A)

-0.1 0.0 0.1 -0.1 0.0 0.1
Wave Vector k, (1/A) Wave Vector k (1/A)

Advances in Physics . Dirac Materials 2014

—_
[+
~

Binding Energy (eV)

Lack of correlation between gap
opening and long-range FM order
development

Biy.06Cro.04S€3

T
-0.1

b

® ¢
>
i
5 -0.2
o
&
o 0.4
=
°
=

v T m -0.6

0.0 0.1
kr(A”)

Xue PRL 2014

Multiple adsorption sites. Lack of control
of adsorption sites.

Clustering and inhomogeneities.
Lack of control of the magnetic anisotropy

Lack of experimental reproducibility




Experimental Demonstration of a Magnetically Induced Warping Transition in | dea Qv
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a Topological Insulator Mediated by Rare-Earth Surface Dopants
Magnetic doping strategies: Magnetic extension or proximity coupling to magnetic layers
Mn Bi,Sb Te septuple Predictionand observation of an
layer structure antiferromagnetic topological insulator Rely on sophisticated and
Otrokov, M. M.et al. Nature 2019, 576, 416—-422 complex growing methods:
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Binding energy (eV)

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

Rare-Earths as magnetic surface dopants in topological insulator substrates

Larger size - prevents from substitutional

sites & reduced the multiplicity of
adsorption configurations

Unpaired 4f electrons - large magnetic
moments - enhanced magnetic anisotropy
and allow a lower doping concentration and

eventually maximize gap opening

Curie temperatures as high as 80K

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