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Abstract

V-doped (Bi,Sb);Tes has a ten times higher magnetic coercivity than its Cr-doped
counterpart and therefore is believed to be advantageous for the quantum anomalous
Hall effect (QAHE). The QAHE requires the opening of a magnetic band gap at the
Dirac point. We do not find this gap by angle-resolved photoelectron spectroscopy
down to 1 K. By x-ray magnetic circular dichroism (XMCD) we directly probe the
magnetism at the V site and derive spin and orbital magnetic moments of 1.69 and
—0.22 pp/atom. Hysteresis curves of the XMCD signal show a strong dependence
of the coercivity on the ramping velocity of the magnetic field. The XMCD signal
decays on a time scale of minutes which we conclude contributes to the absence of a

detectable magnetic gap at the Dirac point.



Magnetically doped topological insulators are expected to give rise to a range of new
phenomena due to the opening of a magnetic gap at the Dirac point of the topologically
protected surface state. The quantum anomalous Hall effect (QAHE), demonstrated in 2013
1], is characterized by a quantized Hall resistance p,, = h/(Ne*) with N an integer number
of edge channels. These permit lossless charge transport in Cr- and V-doped (Bi,Sb)sTes
[1-9]. V-doped (Bi,Sb),Te; was early on found to reach high Curie temperatures of 17 K
[10] and even much higher temperatures were reported for metallic V concentrations such
as 17% V in SboTez (up to 177 K [11]). One advantage of V is that despite its relatively
small magnetic moment, its T¢ is high due to the high density of states at the Fermi level
meaning a high exchange integral [12]. A high V density of states was found near the
Fermi energy (0.1 to 0.2 eV binding energy [13]), using resonant photoemission at the V
Lj edge [13, 14]. By resonant angle-resolved photoemission (ARPES), the V contribution
was identified as nondispersing impurity band and found consistent with calculations for V
occupying Bi-substitutional sites [13].

Another advantage is the coercivity H.. It is ~ 0.1 T for Cr-doped (Bi,Sb),Tes [1, 4, 5]
while for the V-doped system H. ~ 1.3 T (7" = 2 K) [8]. The high coercivity is believed
to lead to a very homogeneous ferromagnetism with much smaller number of domains that
leads to perfect edge state formation [8]. This property facilitated the achievement of perfect
quantization of p,, with a precision of +6 x 107* h/e? and p,, as low as 3.35 £ 1.76 Q [8].
We note that in current state-of-the-art devices, both Cr- and V-doped (Bi,Sb)sTes samples
now show precisely quantized Hall resistance to sub-ppm precision [15, 16].

A decisive parameter that determines the temperature scale for observing the QAHE is
the magnetic band gap at the Dirac point which is caused by the exchange interaction. A
magnetic gap that protects the edge states of the QAHE can be deduced from the thermal
activation of dissipation-free transport. However, in V- and Cr-doped QAHE samples, this
gap is in the range 50-100 eV, orders of magnitude lower than the principal limit set by T
[17], even when considering the highest temperatures around 1 K achieved with the help of
a depth-dependent concentration profile of Cr impurities [18].

For V-doped SbyTes, Landau level spectroscopy has been performed by scanning tunnel-
ing spectroscopy at 1.3 K [19]. The method requires the application of high magnetic fields,
hence a comparison of samples with and without V doping was used to derive a mobility gap

which amounts to 32 meV. This gap does, however, not appear in the local density of states,



possibly due to overlap with impurity states [19]. For Cr-doped (Bi,Sb)sTes, an average
gap of 56 meV was found by tunneling spectroscopy [20]. Its origin could not be related to
magnetism because only data at a single temperature of 4.5 K are available. In ARPES,
a large gap at the Dirac point of ~75 meV was found for Cr-doped BisSes even at room
temperature, i. e., far above T [21]. These gaps are therefore not of magnetic origin. In a
Vo.04Bi1.g65e3 epitaxial film, ARPES at 100 K showed the opening of a gap in the surface
state of 180 meV at the Dirac point at ~ 0.3 eV binding energy [22]. It was concluded that
this gap is not of magnetic origin because a ferromagnetic Curie temperature of 10 K was
measured [22]. The composition of insulating (Bi,Sb)s(Te,Se)s can vary strongly between
epitaxial films and single crystals. This holds also for V-doped systems where the compo-
sition Vg 015Bi1.0855€0.6Tes s has the Dirac point at 0.33 eV and V g3Bij 975eg6Tes 4 at 0.38
eV binding energy [23]. ARPES of an insulating V-doped (Bi,Sb),Tes epitaxial film showed
that the Dirac point is degenerate with the bulk valence band and it was concluded that
this limits the achievable temperature of the QAHE [24]. No magnetic gap could be found
in this system, (Big29Sbg.71)1.80 Vo.11Tes, down to 7 K [24]. Recently, Cr-doped (Bi,Sh),Te;
was studied by ARPES at 12 K after surface n-doping by potassium and no magnetic gap
was found [25].

In the present work we undertake a search for the magnetic gap of V-doped (Bi, Sb),Tes
at the Dirac point down to 1 K. Moreover, we investigate the magnetization behavior of the
same sample directly and element specifically through magnetic x-ray dichroism (XMCD)
in soft x-ray absorption and reflectivity.

Samples were grown by molecular beam epitaxy (MBE) from single elemental sources of
at least 5N purity. The InP(111) substrate was mounted by indium on the MBE sample
holder. A V-doped (Bi, Sb)sTes sample of 10 quintuple layer (QL) thickness was grown
at 240°C with a growth rate of about 0.5 QL per minute. The sample was capped with
2 nm Te for protection against ambient influence and to allow in situ removal of the cap
for ARPES. The sample was cut into pieces with a diamond cutter to be able to studuy
the same sample by the various experimental methods. For transport, magnetization, and
soft-x-ray experiments, the cap was kept in place. For the ARPES experiment, the cap was
removed in situ by noble gas ion sputtering and annealing. Photoemission experiments were
performed with the ARPES-12 end station at the UE112-PGM2b undulator beam line of the

BESSY II synchrotron radiation source. In this instrument, the sample can be cooled to 1 K.



The experimental geometry is the following: With the central axis of the analyser lens and
the polar rotation axis of the sample defined as the z and z axes of a spherical coordinate
system, the photon beam is incident on the sample under an azimuthal angle of 45° and a
polar angle of 84°. The light polarization is horizontal (along the x axis). The entrance slit of
the hemispherical analyser is placed parallel to the z axis. The measurements at hrv = 105
eV were performed with an energy resolution of 10 meV. XMCD was performed at the
High-Field and XUV diffractometers of the UE46-PGM1 undulator beam line of BESSY II.
Spectra were taken around the V-Ls 3 excitation energy for incident photons with opposite
circular polarization and recording the total electron yield through the sample current. The
High-Field setup provides fields up to 7 T by means of a superconducting Helmholtz-coil-like
arrangement. The magnetic field is applied in the direction of the light incidence, this is
along the surface normal in Fig. 3(a) and under 45° in Fig. 3(b-f).

Transport measurements were carried out on a mechanically defined (scratched) Hall
bar of dimensions 1 mm x 0.5 mm. At 4.5 K, the longitudinal magnetoresistance p,.(H)
shows peaks at the coercive field, Fig. 1(a), while the transverse magnetoresistance p,,(H)
shows a square hysteresis loop, Fig. 1(b). This behavior is typical for a QAHE sample
above the temperature required for perfect quantization. From the hysteresis measurements,
enlarged in Fig. 1(c), we derive a Curie temperature of 25 K in agreement with additional
superconducting quantum interference device (SQUID) measurements (data not shown).
Note that finite remanent Hall resistance at zero magnetic field is only observed after first
saturating the magnetization of the sample at a field greater than the coercivity: when
cooled down in zero field, such samples do not show any significant spontaneous zero field
Hall resistance due to the formation of randomly oriented magnetic domains.

ARPES data at 1, 20, and 40 K cover the range well below and well above T as deter-
mined from Fig. 1. The angle (respectively k) dependence as well as the normal emission
(k=0 Afl) spectrum display an intensity maximum at ~ 0.15 eV binding energy. This is
due to matrix element effects and can approximately be explained as final-state effect when
sampling the bulk band structure with varying photon energy. The magnetic band gap at
the Fermi level requires magnetization perpendicular to the surface plane [26] and scales
with the magnetization [27]. Due to the insulating character, the Dirac point is expected to
be at the Fermi level. Nevertheless, no gap appears in the data of Fig. 2 with an upper limit

of ~ 5 meV. In order to independently estimate the position of the Dirac point, we analyzed



the width of the momentum distribution curves (MDC). Figure 2(b) shows the same data as
Fig. 2(a) but as MDC. We fit the MDC near the narrowest point with a single Lorentzian
component the full width at half maximum of which is plotted in Fig. 2(d). We arrived at
Ep ~ 50 meV. This indicates a small extent of band bending and is interestingly in good
agreement with the result by Li et al. for insulating samples who located the Dirac point at
54 meV binding energy [24].

XMCD is the method of choice to derive element specific magnetization. It does not
require to take into account transport effects as in magnetotransport or sample and substrate
diamagnetism as in SQUID magnetometry. The XMCD spectrum in Fig. 3(a) displays the
L, and L3 edges which are not fully separated for V. The spectrum resembles the one
obtained from bulk crystals of V-doped ShyoTes [19, 28]. We performed a sum-rule analysis
[29] including the corrections for the overlap of L, and L3 edges and the dipole term by
Tcakaev et al. [30]. We derive a spin magnetic moment of 1.69 up and an orbital magnetic
moment of —0.22 up (see Supplementary Fig. S1). This compares well to 2.0 up and
—0.38 up for epitaxial V-doped SbyTes [30]. The single-crystal studies of V-doped ShoTes
[19, 28, 31] obtain about the same magnitude of XMCD signal as Tcalev et al. [30]. The
only available XMCD study with V-doped (Sb, Bi);Tes was conducted by Ye et al. who in
a direct comparison find a two times smaller XMCD than in V-doped SboTes [31].

In Fig. 3(b—f) the XMCD signal at the V L-edge is measured as a function of magnetic
field. It shows M(H) curves taken at different velocities of 0.5, 1, 2, 3.8 mT/s. At the
slowest speed of 0.5 mT/s, the measured coercivity H. is 17 mT. Surprisingly, H. increases
with increasing speed up to 50 mT at 3.8 mT/s. This behavior is in line with the magne-
totransport measurment of Fig. 1 where the sweep rate (~ 10 mT/s) and the coercivity
(0.3 T) were higher. Similar coercivities were also reported by XMCD of V-doped ShyTes,
namely 0.3 T [19] and ~ 0.15 T [28]. Intestingly, Ye et al. compared V-doped (Bi,Sb)sTes
with 0%, 20%, and 30% Bi relative to Sb. The coercivity of V-doped SbyTez was ~ 0.035 T
and decreased further with increasing Bi concentration vanishing for 30% Bi [31]. Ye et al.
also investigated the Dirac point by two-photon photoemission indicating that the vanishing
hysteresis corresponds to the bulk insulating state (Dirac point 35 meV above Ey) [31].
Although none of the XMCD studies specified the hysteresis ramping speed, we speculate
that a time-dependent relaxation could play a role here as well. In order to explore small

ramping rates, i.e, long time scales, we have in Fig. 3(f) reversed the magnetic field once



to small values monitoring again the XMCD signal in reflectivity. For the largest field of
H =20 mT, we obtain a time scale of about 40 s in agreement with Fig. 3(e). From these
data, it can be concluded that in the present experiment the magnetization decays with
time. Figure 3(f) shows that this occurs on a time scale of minutes.

These observations can be related to the magnetism of Cr-doped (Bi,Sb);Tes which is
complex and characterized by superparamagnetism [32]. A strong influence of the gate volt-
age on the magnetic relaxation was observed and interpreted as due to the role of charge
carriers for the magnetic interaction [32]. In that case, the instability of the magnetiza-
tion could be connected to the insulating state. Although the ferromagnetism of V-doped
(Bi,Sb)sTes is much more robust than for Cr-doping (with 10x higher coercivity), the elec-
tronic and magnetic effects have been found to be connected even in this material [9]. A
detailed understanding of this interplay is still lacking.

The observed decay of the magnetization can directly affect the ARPES data which are
measured on a much longer timescale of several minutes. Furthermore, the ARPES spectra
are taken after cooling the sample down in zero field, likely resulting in superparamagnetic
domains that easily relax into a random distribution. It may be that the magnetization decay
prohibits the observation of the magnetic gap at the Dirac point. On the other hand, a mag-
netic gap of up to 90 meV can be measured by temperature-dependent ARPES in Mn-doped
BiyTes below T¢ [33] as has recently been confirmed [34-36]. There are, however, important
differences between the systems. The first one is the insulating character which does not
apply to the strongly n-doped Mn-doped BisTes. Another one is that the Mn-doped sys-
tem avoids disorder by forming a more uniform septuple/quintuple layer MnBisTe,/BisTes
heterostructure [33]. In addition to the decreased disorder, this structure also enhances the
exchange interaction so that the measured gap in the MnBisTes/BisTes heterostructure is
about five times larger than predicted for a comparable dilute system consisting only of
quintuple layers with the same Mn concentration but substituting Bi sites [37]. V-doped
(Bi,Sb),Tes is such a dilute substitutional system and the gap may just be too small to ob-
serve in ARPES. The finding of the bulk valence band at the Fermi energy [24] may explain
the limitation of the QAHE to low temperature. It cannot explain the absence of the gap
at the Dirac point since it is clearly separated in ARPES data by the electron momentum
parallel to the surface. Finally, the magnetism of Mn is much more localized than the one of

V and this difference may also be relevant in the dilute system. This is similar to the case



of differences in the exchange splitting in elemental Fe and Ni as measured by ARPES: in
the former, the exchange splitting persists above T whereas it vanishes in the latter. We
note that in those elemental ferromagnets, the exchange splitting is maintained below T¢ in
magnetic domains even when a sample is cooled in zero field, resulting in the macroscopic
magnetization being zero.

From recent work on Cr-doped (Bi,Sb);Tes [32] we learn, however, that the domain
structure is not at all of the type well known from elemental Fe and Ni and this may the
reason why the decay of magnetization below T¢ leads to the absence of a measurable
magnetic gap at the Dirac point.

In summary, we have investigated V-doped (Bi,Sb)yTes which is close to the QAHE by
synchrotron radiation methods ARPES and XMCD using pieces from the same sample. We
find that a small downward band bending occurs but no magnetic gap can be observed at
the Dirac point down to T = 1 K, much below the Curie temperature of ~ 25 K. The
XMCD experiments which give access to the element specific magnetization of the V reveal
a surprising decay of the magnetization in zerofield. This could prevent the observation of
the magnetic gap at the Dirac point by ARPES. It would be very helpful to gain insight

into the magnetic domain structure at temperatures of 1 K and below.

Fig. 1. (a) Longitudinal and (b,c) transversal resistance vs. magnetic field. A T¢ of 25 K is

derived.

Fig. 2. ARPES spectra at (a,b) 5 K and (c) the temperature dependence in normal emission
(k=0 A‘l) covering the range above and below the ferromagnetic phase transition. No
apparent gap occurs down to 1 K. (d) The position of the Dirac point is determined from
the width of the momentum distribution curves (MDC) in (b) as —50 meV. This position

is marked by arrows in panels (d) and (a).

Fig. 3. (a) X-ray absorption and x-ray magnetic circular dichroism (XMCD) in total electron
yield at 4 K. (b—d,f) Time dependence of XMCD hysteresis loops taken in reflectivity at 4
K. The difference of reflectivity for o, and o_ light is plotted versus the applied magnetic
field H. (b—d) The ramping rate (RR) is given in the figure. (e) Plot of coercivity H. vs.

RR. (f) Alternative measurement to explore panel (e) towards longer time scales. Like in



panels (b—d) the XMCD in reflectivity is plotted. The sample was at first magnetized in

the opposite direction, then the field was driven through zero to the field H indicated in the

panel.
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Fig. S1. XMCD spectra from Fig. 1 for sum-rule analysis. (a) X-ray absorption spectra (XAS) for the two
circular polarization conditions and (b) their difference, i. e., the XMCD. Values p, g, and r as defined
in C. T. Chen et al. [29] are marked.
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