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Abstract

Magnetic topological insulators constitute a novel class of materials whose topologi-

cal surface states (TSS) coexist with long-range ferromagnetic order, eventually break-

ing time-reversal symmetry. The subsequent bandgap opening is predicted to co-occur

with a distortion of the TSS warped shape from hexagonal to trigonal. We demon-

strate such a transition by means of angle-resolved photoemission spectroscopy on the

magnetically rare-earth (Er and Dy) surface-doped topological insulator Bi2Se2Te. Sig-

natures of the gap opening are also observed. Moreover, increasing the dopants coverage

results in a tunable p-type doping of the TSS, thereby allowing for gradual tuning of

the Fermi level towards the magnetically induced bandgap. A theoretical model where

a magnetic Zeeman out-of-plane term is introduced in the hamiltonian governing the

TSS rationalizes these experimental results. Our findings offer new strategies to control

magnetic interactions with TSSs and open up viable routes for the realization of the

quantum anomalous Hall effect.

Topological insulators (TI) define a state of matter where the strong spin-orbit interaction

(SOI) induces an exotic metallic topological surface state (TSS) with relativistic, Dirac-

like, band dispersion with the spin locked to the momentum in an otherwise insulating

material1,2. Magnetic impurities interaction with the TSSs is especially attractive in these

materials due to the emergence of novel quantum phenomena with relevant fundamental

and technological implications in spintronics and quantum information processing3. The

combination of topological properties and magnetic order can lead to new quantum states of

matter as the quantum anomalous Hall effect (QAHE), characterized by purely spin-polarized

dissipationless currents without an external magnetic field4,5.

When magnetism is introduced by impurity doping with magnetic elements, either via

substitutional or surface doping6–9, magnetic extension10, or proximity coupling to magnetic

layers11,12, the TI becomes magnetic (MTI) and the time-reversal symmetry (TRS) can be

broken, magnetically inducing the opening of a bandgap at the Dirac point (DP) of the

TSS6,7. If this gap is tuned to the Fermi level (EF), the QAHE can be realized as it was
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first experimentally observed in Cr- and V- doped (Bi,Sb)2Te3 thin films13,14. Recent dis-

coveries based on the magnetic extension of TIs, as the first antiferromagnetic TI (AFM),

MnBi2Te4 15,16, have opened up new perspectives for the realization of these quantized topo-

logical effects in intrinsically magnetic stoichiometric compounds. However, these systems

heavily depend on sophisticated and complex growth methods, resulting in variations in the

density of structural defects, eventually leading to drastic changes in the electronic structure

of the TSSs (opening or not of an intrinsic magnetic gap at the DP) or affect its magnetic

properties (formation or not of antiferromagnetic order)17. Similar discrepancies have been

found because of inhomogeneities of the spatial distribution of bulk magnetic dopants18,19.

Surface doping offers an alternative to separate the two aforementioned critical processes,

namely growth and doping, limiting the dopants presence to where the TSSs are most sen-

sitive to their effects and maximizing the magnetic anisotropy by the lower coordination

symmetry20. Experimental attempts at magnetically doped TIs surfaces also indicate that

achieving control on the magnetic ground state and anisotropy is challenging due to the

existence of multiple adsorption sites, strong surface relaxations, and significant doping of

the bulk states from defects or inhomogeneities21–24. Although gaplike features have been

interpreted as magnetically induced, numerous factors such as momentum and energy spa-

tial fluctuations near the DP25 or surface chemical modifications26–28, may contribute to the

observation of a gap. Furthermore, the DP can be buried into the bulk band projections,

making the possible gap opening undetectable by techniques as angle resolved photoemission

spectroscopy (ARPES). These ambiguities evidence the necessity to go beyond the present

state-of-the-art in the development of these doping strategies.

An alternative route to this problem is to surface-dope TIs with magnetic rare-earths

(RE) whose larger size can prevent the occurrence of substitutional sites at the surface, reduc-

ing the multiplicity of adsorption configurations29 and enhancing the magnetic anisotropy.

Likewise, REs large magnetic moments, originating from the unpaired 4f electrons30, can

maximize the magnetically induced gap hosting the spin-polarized currents7; and also allow
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a lower doping concentration31, which could eventually lead to a robust QAHE at higher

temperatures3. Besides, REs deposited on metals can be efficiently coupled via itinerant

s and p electrons of the metal to achieve ferromagnetism with Curie temperatures as high

as 80 K32,33. RE bulk substitutional doping with Eu34,35, Gd36, Dy31 or Ho37,38 on Bi2Te3

thin films has been achieved. Eventhough the TSSs preservation despite REs large mag-

netic moments, all films remained essentially paramagnetic or weak AFM. Regarding the

bandgap opening, massive Dirac fermions have only been observed for a given concentration

of Dy-doped Bi2Te3 thin films37. Magnetic proximity effects have also been explored on EuS

layers on TI thin films with neither significant induced magnetism nor an enhancement of

Eu magnetic moment at the interface39.

Recently, the magnetic order in MTIs, particularly in the newly discovered MnBi2Te4

family40, have been theoretically predicted not to only open a gap at the DP, but to also

lower the Dirac cone’s warping symmetry from hexagonal to trigonal, alongside an induction

of a gap opening at the DP41–44. Notably, this trigonal warping at the magnetically ordered

phase is sensitive to the direction of a net surface magnetic moment, providing an effective

approach for the detection of magnetic ordering effects on the TSSs when the gap cannot

be unequivocally resolved and/or related to the TRS breaking by out-of-plane magnetic

moments. However, an experimental observation of these phenomena is still lacking.

Herein, by means of ARPES, we report the effects on the TSS of the prototypical three-

dimensional (3D) TI, Bi2Se2Te, doped with RE impurities (Er and Dy). As expected, the

pristine surface features hexagonal warped TSSs which, as the RE atoms are deposited even

for small coverages, exhibit the predicted transition from hexagonal to trigonal, providing the

first experimental evidence of such magnetically induced warping modification. In addition,

with the systematic doping, signatures of a bandgap opening at the DP are found, whereas

the chemical potential is gradually modified resulting in a controllable p-type doping. This

allows to tune the DP energy closer to the EF, thus fulfilling the prerequisites for the real-

ization of the QAHE. When the hamiltonian governing the TSS considers a net magnetic

3



moment, with an exchange field coupling of ≈ 0.1 eV, the experimental observations are

rationalized.

Ternary Bi2Se2Te single crystals45 were grown by a modified Bridgman method in a stan-

dard crystal growth system and characterized by X-ray powder diffraction and Raman spec-

troscopy (see Supplemental Material (SM)46), showing high crystal quality and crystalline

long-range order. X-ray photoemission spectroscopy (XPS) and ARPES measurements were

performed on in situ exfoliated single crystals (at T = 15 K) with a MBS hemispherical an-

alyzer at the LOREA beamline47,48 in Alba Synchrotron, with linear horizontal polarization

and photon energies of hν = 100 eV and 52 eV, respectively. Er and Dy were sublimated with

an e-beam evaporator. The deposition rates and coverages were calibrated with a quartz

crystal microbalance and correlated with the attenuation of the XPS Bi 5d core level (SM 46,

Fig. S1). XPS and ARPES measurements were performed at T = 15 K, well below the ex-

pected Curie temperature of Er and Dy clusters49, so a magnetic ordering of the RE surface

dopants can be expected.

The Bi2Se2Te quintuple layer (QL) three dimensional (3D) crystal structure, and the

Brillouin zone (BZ) and its projected surface Brillouin zone (SBZ) are sketched in Figs. 1(a)-

(b), respectively. Bi2Se2Te bulk single crystals were mechanically exfoliated in-situ at 15 K

to minimize the induced density of defects. The high sample quality is derived from the XPS

spectrum (Fig. 1(c)), showing highly intense and narrow peaks with no signs of oxidation,

contamination or large disorder28 for the Se 3d, Te 4d and Bi 5d core levels. The very well

defined spin-orbit doublets as compared to isostructural TI films grown by molecular beam

epitaxy prove the surface quality after in situ exfoliation50–52.

Pristine Bi2Se2Te TSS ARPES bandmap along the ΓM direction is shown in Fig. 1(d).

At this photon energy (hν = 52 eV) the bulk conduction band is above the EF. The DP is

located 415 meV below the EF, outside the bulk projection bandgap, and the Fermi velocity is

vF ∼ (6.0±0.3)·105 m/s, estimated from 1/ℏ (∂E/∂k)53, consistent with previous works53,54.
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Figure 1: Pristine Bi2Se2Te crystal structure and characterization. (a) 3D quintuple
layer crystal structure and (b) Brillouin zone (BZ) and projected surface BZ of Bi2Se2Te.
(c) XPS spectrum (Se 3d, Te 4d, Bi 5d and valence band) of pristine Bi2Se2Te single crystal
measured at a photon energy of hν = 100 eV and at T = 15 K. (d) ARPES bandmap of the
pristine Bi2Se2Te TSS along the ΓM direction acquired at hν = 52 eV and at T = 15 K.

Figure 2(a) displays XPS spectra showing the main effects on the core levels and the

valence band (VB) states induced by Er deposition, as compared to the pristine sample. The

Se 3d, Te 4d and Bi 5d core levels are attenuated (SM46, Fig. S3). No extra components are

detected at higher binding energies (left side of the peaks), consistent with the absence of

surface oxidation or contamination. Additionally, no further disorder is introduced since no

widening of the peak line-shapes is detected; also evidenced by the very sharp, well resolved

multipeak structure of highly localized and, in principle, weakly interacting (non-dispersive)

Er 4f states at E-EF = 5-12 eV (magnified in the inset in Fig. 2(a)). The multipeak fit of the

XPS spectra in Figs. 2(b)-(c) was used for the estimation of the Er-coverage. ARPES VB

maps acquired at this energy region are included in the SM46, Fig. S2.
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Figure 2: XPS characterization of Er-doped Bi2Se2Te acquired with a photon
energy of hν = 100 eV and at T = 15K. (a) Comparison of XPS spectra of pristine
(red line) and 0.3 monolayer (ML) Er/Bi2Se2Te (blue line). A second component of the Bi
5d peak is developed after Er deposition (green arrows). Right: zoom-in on the Er 4f states
and the Bi2Se2Te valence band energy range. Multipeak fit of XPS data for (b) the pristine
sample and (c) the 0.3 ML Er-doped sample. A second component (orange) is related to
Er-Bi interaction, as its area is proportional to the Er coverage (see SM46, Figs. S1 and S3).

Remarkably, a second Bi 5d component is developed at lower binding energies (green

arrows in Fig. 2(a) and orange curve in Fig. 2(c)). These features intensity linearly increases

with the Er coverage (SM46, Figs. S1 and S3), demonstrating its relationship with a super-

ficial Bi-Er bond, and revealing a degree of interaction at the RE-TI interface. A charge

transfer effect is also reflected in an energy shift as the Er content increases (see SM46, Fig.

S1). A similar behavior has been observed for other metal-TI interfaces in the same Bi 5d
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state51. Because of Bi and RE dopants larger atomic sizes, Bi-Er bonds are most likely to

be formed than Se-Er or Te-Er ones, whose 3d and 4d states do not show extra components.

The same Bi 5d second component also appears in Dy-doped Bi2Se2Te (SM46, Fig. S5).

The Fermi surface (FS) and constant energy (CE) maps for pristine and 0.3 monolayer

(ML) Er/Bi2Se2Te are shown in Fig. 3. Pristine Bi2Se2Te TSS exhibits the hexagonal warped

FS and the circular-like shaped lower energy CE maps expected for rhombohedral 3D TIs

(Figs. 3(a)-(c)). The warping strength is consistent with the literature, being lower than in

most warped TSSs, as in Bi2Te3 55,56, and higher than in isostructural Bi2Te2Se57 or Bi2Se3 58,

whose warping effects are smoother or even negligible. When depositing Er, the FS and

CE maps drastically change. Upon 0.3 Er ML, the TSS warping symmetry evolves from

hexagonal to trigonal (Figs. 3(d)-(f)), clearer away from the DP and closer to EF. Similar

modifications in the Dirac cone warping, from hexagonal to trigonal, have been predicted

below the magnetic ordering temperature in the family of MnBi2nTe3n+1 MTIs42.

To give some insight into the warping transition of the TSS, the description of an undoped

TI using the model developed by Fu55 can be applied, in which the low energy dispersion of

the system is described by the following Hamiltonian:

H = ℏvF(kxσy − kyσx) +
λ

2
(k3+ + k3−)σz, (1)

with k± = kx ± iky. The last term is only invariant under threefold rotation and responsible

for the hexagonal warping41,42,55. The 3D band dispersion of the system is shown in Fig. 4(a),

where the previously calculated vF = 6.0 · 105 m/s was used to match the experiment. The

warping parameter λ was set to 175 eV·Å3 by fitting the theoretical CE map at 0.415 eV

(right-hand side of Fig. 4(a)) to the measured one (Fig.3(a)). This value confirms a lower

warping strength compared to other TIs such as Bi2Te3 55. The energy values (with respect

to the DP) in the theoretical CE maps (Fig. 4(a)) were chosen to match the experiment

(Figs. 3(a)-(c)). As expected, the hexagonal warping can be clearly distinguished far from
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the DP whereas, when approaching the DP, the CE maps round off, as in the experiment

(Figs. 3(a)-(c)).
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Figure 3: Experimental observation by ARPES of the magnetically induced hexag-
onal to trigonal TSS warping transition upon Er deposition. (a)-(c) Fermi surfaces
and constant energy maps at 100 and 200 meV below the Fermi level (EF) for pristine
Bi2Se2Te, showing the hexagonal warping of the topological surface state (TSS). (d)-(f)
Same as in (a)-(c) for 0.3 monolayer (ML) Er/Bi2Se2Te, showing the trigonal-warping of the
TSS. TSS bandmaps along the ΓM direction (red and blue dashed lines in (a) and (d)) for
(g) pristine and (h) 0.3 ML Er/Bi2Se2Te, acquired with a photon energy hν = 52 eV and
at T = 15 K. Momentum distribution curves (MDCs) extracted at the EF are shown on top
of each bandmap. The induction of a trigonal warping in the TSS is also evidenced by the
Fermi wavevector kF and Fermi velocity vF asymmetry around the Γ point for the Er-doped
system in (h).

To introduce the effect of the RE dopants in the former Hamiltonian (Eq. 1), a magnetic
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moment can be coupled to the TI TSS via an exchange interaction42 through a Zeeman-like

term. The Hamiltonian takes the final form (see SM46):

H = ℏvF(kxσy − kyσx) + (λk3 cos 3θ−∆)σz, (2)

where ∆ stands for the exchange coupling and θ for the azimuthal angle of momentum. ∆ is

a fitting parameter of our model. By fixing vF and λ, a value of ∆ = 0.12 eV is obtained by

comparing the theoretical CE maps (right-hand side of Fig. 4(b)) to the experimental ones

(Figs. 3(d)-(f)). Note that the EF (with respect to the DP) is modified by the introduction

of the RE dopants (Figs. 3(g)-(h)), so the values of the energies for the theoretical CE maps

have been accordingly changed.
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Figure 4: Theoretical modelling of the TSS band structure and the warping tran-
sition. Band structure of the surface state of a topological insulator and the evolution of the
constant energy (CE) maps (red lines) as a function of the Fermi energy for the (a) pristine
system, with vF = 6.0 · 105 m/s and λ = 175 eV·Å3, and (b) the system with magnetic
impurities, with ∆ = 0.12 eV. The transition from a six-fold to a trigonal warping, as well
as the induction of a gap, is observed. The small panels display CE maps at three different
energies relative to the Dirac point, corresponding to the energies of the experimental ones

The energy dispersion of the system with the above set of parameters is shown on the

left-hand side of Fig. 4(b), with the TSS band presenting a gap of 240 meV as a consequence
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of the non-vanishing net magnetization induced by the magnetic dopants. Furthermore, the

TRS is broken and the surface of the TI becomes a quantum anomalous Hall (or Chern)

insulator1,59. As seen on the CE maps (right-hand side of Fig. 4(b)), the TRS breakdown

results in the transition from the six-fold to a three-fold rotational symmetry (SM46), so

that the warped FS evolves from hexagonal (pristine) to trigonal (doped system), as in

the experiments (Figs. 3(d)-(f)). Interestingly, the obtained value of ∆ is up to one order

of magnitude larger than previous expectations60–63. Although higher values have been

predicted or expected64,65, up to our knowledge, this is the first time that the exchange

coupling has been estimated by direct comparison to experimental results. Such a relatively

high value of the exchange coupling ∆ makes Bi2Se2Te doped with RE a good candidate

system for the realization of the QAHE.

Experimentally, the change in the warping symmetry is also evidenced by the induced

inversion asymmetry in the TSS band dispersion in Figs. 3(g)-(h), measured along the ΓM

direction (red and blue dashed lines in Figs. 3(a) and (d)), and in the momentum distribution

curves (MDCs) close to the EF, depicted above each TSS bandmap. The Fermi wavevectors

kF for 0.3 ML Er/Bi2Se2Te (blue MDC, Fig. 3(h)) are asymmetric with respect to the Γ point,

as compared to pristine Bi2Se2Te (red MDC, Fig. 3(g)), as a consequence of the different vF of

the two branches of the TSSs. A similar asymmetric band dispersion of the TSS was predicted

for the MnBi2Te4(0001) surface AFM state alongside the same TSS warping transition43.

The evolution of the TSS as a function of the Er coverage is shown in Fig. 5. TSS ARPES

bandmaps along the ΓM direction for pristine, 0.15, 0.3 and 0.6 ML Er/Bi2Se2Te are shown

in Figs. 5(a)-(d), respectively. The corresponding energy distribution curves (EDCs) as a

function of the Er coverage are presented in Figs. 5(e)-(h), where the EDCs acquired precisely

at the Γ point and thus crossing the DP (along vertical dashed lines in Figs. 5(a)-(d)) are

highlighted following the color correspondence. Here, orange, cyan, green, and red lines

stand for pristine, 0.15, 0.3, and 0.6 ML Er/Bi2Se2Te, respectively. The band dispersions

have been obtained from the EDCs fitting, whose results are indicated by red and blue dots
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in Fig. 5. The dispersion obtained from the pristine sample (Figs. 5(a) and (e)) displays

linear branches which clearly cross at the DP. Red and blue dots for the doped samples

(Figs. 5(b)-(h)), indicate the upper and bottom band dispersions relative to the DP.

As previously described, the transition from hexagonal to trigonal of the TSS symmetry

when an out-of-plane magnetic moment is introduced is expected to be accompanied by a

bandgap opening at the DP because of the TRS breaking42.

e) f) g) h)

0.15 Er ML 0.3 Er ML 0.6 Er MLBi2Se2Te a) b) c) d)

Figure 5: Topological surface state (TSS) band structure evolution upon Er doping
showing signatures of the magnetically induced bandgap at the Dirac point. (a)-
(d) TSS bandmaps for pristine Bi2Se2Te and 0.15, 0.3 and 0.6 Er monolayer (ML)/Bi2Se2Te,
respectively, acquired with a photon energy of hν = 52 eV and at T = 15 K. (e)-(f) EDCs
extracted from the TSS bandmaps in (a)-(d). EDCs at the Γ point are highlighted following
the color correspondence. TSS dispersions are obtained by fitting the EDCs and are indicated
by blue and red dots for upper and bottom bands with respect to the DP, respectively. Purple
arrows indicate the DP energy, which is upshifted as the Er coverage is increased.

A more detailed and comprehensive picture on the TSS band dispersion around the DP

can be gathered from the EDCs fits (Figs. 5(e)-(h)); particularly, in those obtained at the

Γ point, extracted along vertical dashed lines in Figs. 5(a)-(d), and highlighted in the same

11



colors as in Fig. 5(e)-(h). For the pristine sample (Fig. 5(e)) the DP is clearly defined by the

intersection of the two linear dispersive branches (orange) resulting in a single, punctual,

sharp maximum of intensity at ∼415 meV. After the Er deposition, a broadening of the

intensity is clearly evidenced around the DP, which would be an indication of a possible

bandgap opening at the DP. This can be more clearly seen by following the band dispersion

from the EDCs (red and blue dots in Figs. 5(f)-(g)). The characteristic linear dispersion

of relativistic massless Dirac fermions of the pristine sample seems to be renormalized to a

parabolic-like dispersion, showing a plateau in the EDC intensity in the vicinity of the Γ

point. This would be an indication of the bandgap between the top of the bulk valence band

and the bottom of the surface state. Similar XPS and ARPES results have been found after

0.3 Dy ML deposition and are summarized in the SM46, Fig.S6.

As discussed at the beginning of the manuscript, similar bandgap openings have already

been experimentally observed and attributed to TRS by magnetic impurities for numerous

transition metal magnetic impurities7 or Dy substitutional dopants37. Nevertheless, the

magnetically induced warping transition also resulting from the TRS breaking has not been

reported so far.

In this work, by doping the surface of a TI with RE atoms, the magnetically induced

evolution of the warping of the TSS from hexagonal to trigonal has been demonstrated by

means of ARPES experiments. This shape transition has been predicted to be accompanied

by a bandgap opening at the DP and, indeed, signatures of such effect have also been

observed in the present study. Additionally, the DP has been proven to be tunable towards

the EF through charge transfer between the RE adatoms and the substrate. The TSS

band dispersion of the doped system is reproduced by including a Zeeman-like term in the

low energy Hamiltonian describing the system. This modification entails two important

consequences, being the first of them the just above-described breaking of the hexagonal

symmetry and, the second one, the opening of a gap at the DP of the TSS. Both phenomena

have been observed in the ARPES measurements. Moreover, we find that, in order to
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theoretically describe the experimental results, a large exchange coupling is needed, of the

order of 0.1 eV. Thus, the large exchange coupling and the DP tunability make the controlled

doping of TIs with REs an excellent approach to realize the QAHE at higher temperatures.
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