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Iron magnetic moments in-plane on the 
topological insulator Bi2Se3(111) surface

Topological insulators have gained interest 
from the scientific community as a new 
class of materials illuminating fascinating 
yet exotic physics and offering large 
potential for applications in the field of 
spintronics [1]. Bulk topological insulators 
host a 2-dimensional gapless topological 
surface state with very special properties. 
An hour-glass shaped dispersion is 
observed, the so-called Dirac cone, where 
the energy of the topological surface 
state increases linearly with the electron 
momentum p in the (px, py) surface plane 
(see Figure 1a). In contrast to graphene, 
where such Dirac cones are also observed, 
in the topological surface state spin-orbit 
coupling and time reversal symmetry leads 
to a locking of both spin and momentum 
degrees of freedom: two electrons moving 
in opposite directions (+/– p) must have 

reversed spins (symbolised as red and blue 
spins in Figure 1a). One consequence 
is the suppression of 180° elastic back-
scattering electrons in the absence of spin-
flip processes, which in principle allows 
for a high mobility of electrons within 
the surface plane. An interesting question 
is the robustness of these “topologically 
protected” processes against perturbations. 
It has been suggested that the interaction 
with magnetic impurities opens a gap at 
the Dirac point of the topological surface 
state, provided that the magnetic order is 
oriented normal to the surface plane and 
thus breaks the time-reversal symmetry [2]. 
This mechanism is of critical importance 
for spin-based transport in such materials.

Magnetic properties of iron impurities 
on a Bi2Se3 surface, a prototypical 
topological insulator, were studied at ID08 
using X-ray magnetic circular dichroism 
(XMCD) techniques. Figure 1b shows 
a low-temperature scanning tunnelling 
microscopy image of isolated iron atoms 
on the selenium-terminated surface of 
Bi2Se3. The iron atoms are located on 
surface fcc and hcp hollow site positions 
(‘A’ and ‘B’). The iron atoms are deposited 
on the surface at low temperatures T = 10 
K in order to prevent migration of atoms 
on the surface and cluster formation. 
A multiplet structure visible in X-ray 
absorption spectra reflects the high-
spin state of single Fe atoms which are 
influenced by the resultant trigonal crystal 
fields due to the absorption site.

Figure 1c shows magnetisation curves M 
versus magnetic field B extracted from 
XMCD data at the iron L3,2 absorption 

the light and an accurately calibrated 
temperature of 6.5 ± 0.5 K at the sample 
was provided.
 
The four coloured regions in Figure 2 
display the calculated MILD for four 
different proposed crystal field scenarios 
of YbInNi4. The upper limit of each region 
corresponds to 6 K and the lower one 
to 7 K. At large fields the MILD of the 
respective scenarios is well separated. 

These calculations can now be compared 
with the experimental MILD at 6.5 ± 0.5K 
shown as open and full circles in Figure 2, 
referring to measurements of two different 
crystals. Only the Γ8 quartet scenario fits 
well to the experimental data thereby 
unambiguously answering the question 
about the crystal field ground state.
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Fig. 1: a) Linear dispersion 
relation around the Dirac-cone of 

a topological insulator. b) Low-
temperature scanning tunnelling 
microscopy image of iron atoms 
on the Bi2Se3 surface. c) XMCD 

magnetisation curves of iron along 
two directions θ = 0° and 70° with 

respect to the surface normal.
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edges. The magnetisation clearly differs 
for the two different angles θ = 0° and 
70° between the Bi2Se3 surface normal 
and the X-ray beam direction. Magnetic 
fields were applied collinear to the 
X-ray beam as shown in the inset of 
Figure 1c. The magnetisation curves 
M(B) show smaller values along θ=0° 
demonstrating a preferential orientation in 
the surface plane. A fit of the experimental 
magnetisation curves in Figure 1c, 
using a thermodynamic model which 
includes the Zeeman term and a magnetic 

anisotropy term, leads to a significant 
in-plane magnetic anisotropy energy 
of 1.9 meV per atom. The observed in-
plane anisotropy is supported by DFT 
calculations if both crystal fields and 
dynamic hybridisation processes between 
iron 3d states and the topological insulator 
are taken into account. As a consequence 
it is expected that iron tends to leave the 
topological surface state unperturbed, 
since the in-plane magnetisation states, 
which obey time-reversal symmetry, are 
preferred.
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Quantification of magnetic exchange in 
Co:ZnO via high-field XMCD magnetometry

Dilute magnetic semiconductors (DMS) 
are envisioned as sources of spin-polarised 
carriers for future semiconductor devices 
which simultaneously utilise spin and 
charge degrees of freedom. Zn1-xCoxO 
(Co:ZnO) has been thought to be a 
promising DMS material. Paramagnetic 
Co2+ impurities in ZnO single crystals 
have been studied already fifty years ago 
and a model Hamiltonian for the 3d7 

(i.e. S = 3/2) impurity is well-established 
including a single ion anisotropy DSz

2 to 
account for the anisotropy of the wurtzite 
host crystal [1]. Most DMS Co:ZnO 
samples contain Co concentrations at 
or above 5% so that the next-cation-
neighbour exchange J of Co-O-Co 
pairs comes into play as well. It has 
already been indirectly inferred that J is 
antiferromagnetic [2], however direct 
evidence and quantification of its strength 
was lacking so far. To reach both goals, 
the magnetisation steps associated with 
a spin-flop transition were measured up 
to high magnetic fields to overcome the 
antiferromagnetic coupling.

Co:ZnO epitaxial films with 5% to 15% of 
Co grown by reactive magnetron sputtering 
onto c-plane sapphire [3] were studied with 
synchrotron radiation. X-ray absorption 
near-edge spectra (XANES) were recorded 
at beamline ID12 in total fluorescence 
yield using circularly polarised light under 
10° grazing and normal incidence. The 
X-ray magnetic circular dichroism (XMCD) 
was recorded at the Co K-edge while 
reversing the polarisation as well as the 
magnetic field direction. Element selective 

XMCD(H) curves were measured up to high 
magnetic fields of 17 T for both principal 
orientations.
 
Figure 1a shows the XANES and respective 
XMCD spectra recorded at the Co K-edge 
of 15% Co:ZnO at 5 K under grazing 
and normal incidence, i.e. probing the 
Co-specific electronic and magnetic 
properties either perpendicular (H^c) or 
parallel (H||c) to the c-axis. The XANES 
is anisotropic, reflecting the uniaxial 
symmetry of the wurtzite lattice of 
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Fig. 1: a) XANES spectra 
at the Co K-edge of 15% 
Co:ZnO recorded with 
circular polarisation 
under grazing and normal 
incidence at 5 K, and the 
respective XMCD spectra. 
b) XMCD(H) curve for 5% 
Co:ZnO under grazing 
incidence in comparison 
with model calculations 
(lines) for various coupling 
strengths J (see text).
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