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We combine low energy muon spin rotation (LE-uSR) and soft-X-ray angle-resolved photoemission
spectroscopy (SX-ARPES) to study the magnetic and electronic properties of magnetically doped
topological insulators based on (Bi,Sb)2Tes. We find that one achieves a full magnetic volume
fraction in samples of (V/Cr).(Bi,Sb)2—,Tes at doping levels z 2 0.16. The observed magnetic
transition is not sharp in temperature indicating a gradual magnetic ordering. We find that the
evolution of magnetic ordering is consistent with formation of ferromagnetic islands which increase
in number and/or volume with decreasing temperature. Resonant ARPES at the V Ls-edge reveals
a nondispersing impurity band close to the Fermi level as well as V weight integrated into the host
band structure. Calculations within the coherent potential approximation of the V contribution
to the spectral function confirm that this impurity band is caused by V in substitutional sites.
The implications on the observation of the quantum anomalous Hall effect at mK temperatures are

discussed.

I. INTRODUCTION

A topological insulator (TT) is a bulk insulator exhibit-
ing an inverted band gap.! This, together with time re-
versal symmetry (TRS), leads to the presence of a spin
polarized Dirac cone in the surface states which is topo-
logically protected against small, TRS invariant pertur-
bations. However, TRS breaking in this system, e.g. by
introducing long range ferromagnetism, opens an energy
gap at the Dirac point. Such a gapped TI has been pro-
posed to exhibit various new quantum states of matter
including the quantum anomalous Hall (QAH) effect,?3
charge induced magnetic mirror monopoles* and Majo-
rana excitations when in proximity to an s-wave super-
conductor.®

Recently the QAH effect has been experimentally ob-
served in Cr and V doped (Bi,Sb)sTe3.57 This has been
possible only at ultra low temperature (tens of mK),
which was attributed to the presence of bulk bands at
the binding energy of the Dirac point.® In addition it has
been pointed out that increasing the homogeneity of the
ferromagnetic order might be crucial to elevate the tem-
perature at which the QAH effect can be observed.? Un-

derstanding the origin of the magnetism and the result-
ing splitting of the topological surface states in magneti-
cally doped T1Is is a prerequisite to tuning and controlling
it. Nevertheless, this issue remains under intense discus-
sion, particularly due to the lack of suitable methods to
directly probe the magnetic properties of thin films and
determine the nature of magnetism in these systems.!014

Theoretically, it was predicted that exchange cou-
pling between the magnetic dopants and the Dirac
electrons supports a strong out-of-plane single ion
anisotropy.®1°~17 In contrast, in Cr doped ShyTes it was
found that the magnetism at the surface is oriented in
plane, which does not allow for the opening of a gap.'®
Moreover, in Mn doped BisSes the doping induced gap
in the surface state was shown to be independent of the
magnetism in the sample.'®

In order to realize the QAH effect it is essential that the
Fermi level (Er) is located within the energy gap of the
topological surface states. In principle, this excludes any
type of free carrier (at Er) mediated coupling between
the dopants at low temperature. Instead, it has been
proposed that the band inversion in a TI leads to an un-
usually high spin susceptibility of the parent compound
which allows mediating a ferromagnetic coupling between



the dopants (so called van-Vleck ferromagnetism).® In-
deed, a temperature dependent shift of the V Lo- and
Ls-edges has been measured with electron energy loss
spectroscopy and was attributed to a van-Vleck contri-
bution of the V core levels to the ferromagnetism.!!

More recently, transport and scanning nanoSQUID
measurements have shown that the magnetism in doped
T1Is may be attributed to superparamagnetic-like behav-
ior.'?13 In addition, a high V density of states near Fy
has been found using resonant (angular integrated) pho-
toemission spectroscopy (AIPES) at the V Ls-edge and
scanning tunneling spectroscopy.2®2! This is in agree-
ment with theoretically predicted nonzero V partial den-
sity of states (V-DOS) at Ep.322

Several of the above effects potentially hinder the
observation of the QAH effect at higher tempera-
ture®912:13,19-21 a1q a deeper understanding of interplay
between the electronic and magnetic degrees of freedom
in these materials is necessary in order to increase this
temperature.

Here we investigate the local magnetic and electronic
properties of thin films of V and Cr doped (Bi,Sb)sTes us-
ing low energy muon spin rotation (LE-uSR) and soft X-
ray angle resolved photoemission spectroscopy (ARPES).
We show that the ferromagnetic transition is gradual
and strongly depends on the doping level. The evolu-
tion of the magnetic ordering is consistent with magnetic
clusters formed at the transition temperature within a
predominantly paramagnetic sample. The volume frac-
tion of these clusters increases gradually with decreas-
ing temperature. Our results show that samples of
V. (Bi,Sb)s_,Tes with doping levels z = 0.16 become
fully magnetic, while at lower doping part of the sample
does not exhibit magnetic ordering. By using resonant
soft X-ray ARPES at the V Ls-edge we confirm the pres-
ence of a non-dispersing V impurity band at Er as well
as spectral weight of V integrated in the host band struc-
ture at lower binding energies (E},). We show that the
former is reproduced by density functional theory (DFT)
in the coherent potential approximation (CPA) assum-
ing substitutional V. In contrast, if the V is placed in
the van-der-Waals (vdW) gap, no such impuritiy band is
formed. The obtained LE-uSR and ARPES results are
used to understand the correlation between the electronic
and magnetic properties of the magnetically doped TTIs.

II. EXPERIMENT

Films of magnetically doped (Bi,Sb)2Tes were grown
using molecular beam epitaxy on sapphire (0001) sub-
strates. The magnetic dopants were introduced via co-
evaporation as described in Refs. [23,24] to produce mag-
netic M (Bii_,Sby)s—Tes, where M is either V or Cr.
Hereafter we refer to the composition of the magnetic
TI layer by M,. The samples investigated by uSR or
ARPES were 20 or 10 quintuple layers (QL) thick, re-
spectively. Before taking the samples out of the growth

chamber they were capped with a 3 or 5nm thick Te
protective layer.?® A list of all the studied samples with
relevant details is given in Table I. Note that similarly
prepared films exhibit the QAH effect.%7

| Label [ Cap [ Topological insulator [ Technique ‘

5nm Te|20 QL SbyTes | LE-uSR
V0A13 5nm Te|20 QL V0A138b1_87T63 LE—MSR
CI‘O.Q 5nm Te|20 QL Cro,QSbl,gTeg LE—,LLSR
Vo.os [3nm Te|20 QL Vo.08(Bio.325bo.68)1.92Tes | LE-uSR
Vo.16 |3nm Te|20 QL Vo.16(Bio.32Sbo.6s)1.84Tes | LE-uSR
Vo.19 |3nm Te|20 QL Vo.19(Bio.33Sbo.67)1.81Tes |LE-uSR
V0A23 3nm Te|20 QL Vo,gg(Bio,ngbo(eg)1,77T€3 LE—MSR
3nm Te|10 QL (Bi()glsb()‘?g)zTe:; SXARPES
V0.06 3nm Te 10 QL Vo.()g(Bio_338b0,67)1_94T63 SXARPES
V0.12 3nm Te|10 QL V0,12(Bio,338b0‘67)1,38T63 SXARPES

TABLE I: List of all the samples and the experimental tech-
nique which has been used to study them.

LE-uSR experiments were performed at the pE4 beam
line of the Paul Scherrer Institute.?6 The samples were
glued using silver paint onto Ni-coated sample plates and
mounted on the cold finger of a helium flow cryostat. In
these experiments, fully spin polarized muons with ini-
tial polarization chosen to be parallel to the surface of
the sample, were implanted at a tunable energy in the
range of £ =1keV to 12keV, corresponding to mean im-
plantation depths of 10nm to 70nm. This is a key fea-
ture which makes LE-uSR suited for studying thin film
samples. In contrast, the implantation depth of surface
muons (conventional uSR) or muons from decay chan-
nels (measurements under high pressure) is on the or-
der of several hundreds pm to cm, respectively,?”?® and
therefore cannot be used to investigate thin samples.

The implanted muon decays (lifetime 7, = 2.2ps) by
emitting a positron preferentially along the muon spin
direction. Therefore, the time evolution of the ensem-
ble average of the muon spin polarization can be recon-
structed by measuring the spatial distribution of emitted
positrons using four detectors around the sample.?® The
asymmetry in positron counts between opposite detec-
tors, A(t), is propotional to the muon spin polarization
along this direction, and reflects the temporal and spatial
distribution of the magnetic fields at the muon stopping
site. Weak transverse field uSR (wTF-uSR) measure-
ments as a function of temperature have been performed
by field cooling in an applied field of 5mT perpendicu-
lar to the surface of the sample and the initial muon spin
polarization. The schematic experimental setup is shown
in Figure la.

Soft X-ray ARPES measurements were conducted at
the ADRESS beam line of the Swiss Light Source at the
Paul Scherrer Institute?® using circularly polarized pho-
tons in the energy range of 320eV to 950 eV with a total
energy resolution ranging from 40meV to 160meV. At
energies corresponding to resonant photoemission at the
V Ls-edge the combined beamline and analyzer resolu-
tion was 60meV. The experimental geometry provides
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FIG. 1: a) Schematic of the experimental configuration,

where spin polarized muons impinge on the sample with an
implantation energy E. An external magnetic field of 5mT is
applied perpendicular to the initial muon spin and the sample
surface. b) Asymmetry spectra of the Vo.19 sample with an
implantation energy of & =2keV, at different temperatures.
The solid lines are fits to Equation 1. ¢) Simulated stopping
profile of the implanted muons as a function of implantation
energy. At an implantation energy of 2keV almost 65 % of all
incoming muons stop in the TI layer.

a grazing incidence of the X-rays on the sampe as de-
scribed in Ref. [30]. The measurements were carried out
at 12 K to quench the thermal effects reducing the coher-
ent k-resolved spectral component at high photoelectron
energies.?! During the experiment the pressure was kept
below 107'®mbar. In order to correct the angular de-
pendence of the analyser transmission, all spectra have
been normalized to the diffuse intensity measured above
Er. X-ray absorption spectroscopy (XAS) measurements
were also performed on the same beamline by measuring
the total electron yield (TEY) via the sample drain cur-
rent normalized by the incoming photon intensity.

For the ARPES measurements, the Te capping was
first partially removed by sputtering the sample in
5 x 10~%mbar Ar at 0.25keV for 20 min. The remaining
cap layer was evaporated by fast heating of the sample
up to 340 °C where it was kept for 10min. Then it was
cooled down to 300°C where it was kept for 20 min to
prevent readsorption of the evaporated Te, before cooling
it to cryogenic temperatures and performing the ARPES
measurements. During this process, the temperature of
the samples was monitored using an optical pyrometer
and the pressure in the preparation chamber was kept
below 10~ 7 mbar.

III. RESULTS
A. Low energy muon spin rotation

Representative wTF-uSR asymmetry spectra, mea-
sured at 2 keV implantation energy and different temper-
atures are presented in Fig. 1b. At high temperatures an
almost undamped, large amplitude precession signal was
observed. In contrast, a much smaller amplitude with a
larger damping rate was measured at low temperatures,
where a considerable part of the asymmetry decayed at
very early times. At the implantation energy used in
these measurements, most of the muons stop inside the
TT layer, while less than 3% stop inside the Te capping
and less than 20 % in the sapphire substrate. Figure lc
shows the simulated stopping distribution profiles of the
muons at different implantation energies. These were cal-
culated using the TRIM. SP Monte-Carlo code.?? Measure-
ments as a function of implantation energy confirmed the
validity of this simulation, see Figure 1 in the supporting
information (SI).33

In a transverse field measurement where the applied
field By is much larger than the internal static fields
sensed by the muons, one expects to measure an asym-
metry oscillating at the Larmor frequency, wi, = 7,80,
where 7, = 27 x 135.5 MHz/T is the muon gyromagnetic
ratio. However, when the internal static field is much
larger than the applied field, as is typically the case below
a magnetic transition, the oscillating asymmetry becomes
heavily damped. Due to the finite temporal resolution of
the uSR technique this can lead to an effective loss of ini-
tial asymmetry. Therefore, muons stopping in a magnet-
ically ordered part of the sample or in the nickel sample
holder?* experience a larger static magnetic field and ap-
pear as a missing fraction in the asymmetry spectra. On
the other hand, muons stopping in a paramagnetic region
of the sample will precess at ~ wy,. Hence, considering
only the oscillating signal after 0.2 ps allows to estimate
the paramagnetic volume fraction of the sample, while
the missing asymmetry at early times corresponds to the
magnetic volume fraction.

Following this logic, we used the Musrfit software
to fit the measured uSR spectra between 0.2 ps and 8 ps
to an exponentially damped oscillating function,

A(t) = Ape M cos (7, Bt + ¢), (1)

35

where Ag is the extrapolated initial amplitude of the os-
cillating asymmetry at ¢ = Ops, B is the mean field at
the muons’ stopping sites and A is the damping rate,
which corresponds primarily to the width of the static
local field distribution. The phase, @, is determined by
the initial muon spin direction and the geometry of the
detectors. The temperature dependence of Ay (normal-
ized to its value in the paramagnetic phase at 290 K), B
and A obtained from the fits of all studied samples are
shown in Figure 2.

Note that the undoped sample exhibits an almost tem-
perature independent Ay and A, as expected for a non-
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FIG. 2: Temperature dependence of a) the normalized Ao,
b) A and c¢) B obtained from the fits for the different
M, (Bii—ySby)2—<Tes samples which are denoted by M.

magnetic sample. In contrast, we observe a drop in Ay
upon cooling the doped samples, which we associate with
the appearance of strong static fields in portions of the
sample. This drop can be attributed to a magnetic or-
dering at a transition temperature T,. Clearly, T, and
the relative size of drop in Ay depends strongly on the
dopant and doping level in the sample. We also note that
the drop in Ag is accompanied by an increase in A and a
decrease in B.

For comparison, measurements in zero field (ZF) on
the Vg.19 sample are shown in Figure 3. At high tem-
perature, the asymmetry follows an exponential-like be-
havior with a damping rate wich increases sharply below
T.. We also note a change of the relaxation from a single
exponential-like behavior to a bi-exponential relaxation
below T, as is typical for systems undergoing magnetic
ordering.?® Therefore, we fit the data to the sum of a two
exponentials,

1 2
A(t) = AO *e_klt + *6_)\275 . (2)

3 3
This simplified model assumes that below the magnetic
transition the implanted muons experience a Lorentzian
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FIG. 3: Dynamic (A1) and static (Az2) zero field relaxation rate
as a function of temperature in the Vg 19 sample. The inset
shows typical asymmetry spectra at temperatures of 290 K,
120K and 5K (from top to bottom). The solid lines are fits
to Equation 2.

distribution of randomly oriented static fields with an ad-
ditional small and fluctuating component. In this case,
an ensemble average of one third of the initial muon spin
polarization is aligned parallel to the randomly oriented
static local field, while two thirds are perpendicular to
it. The 1/3 component can relax only due to fluctua-
tions in the magnetic field, and hence is referred to as a
dynamic component. On the other hand, the damping
of the 2/3 components is due to incoherent precession
and depolarization which is determined by the width of
the static field distribution and is referred to as a static
component.?® Note that the direction of the local field
at the muon stopping position strongly depends on the
relative (random) location of the nearest dopant atom.
Therefore, the random orientation of the local dipolar
field does not necessarily imply randomly oriented mag-
netic moments.

Despite ignoring the presumably different contribu-
tions from various layers of the sample and substrate,
the ZF measurements fit very well to Eq. (2), confirming
the observed magnetic ordering from TF measurements
and allowing a qualitative understanding of the behavior
of the sample. In particular it shows that the damping
rates above T, are equal and almost temperature inde-
pendent, reflecting the dynamic nature of the muon spin
relaxation. Below T, we observe a strong increase of the
depolarization of 2/3 component which is associated with
the appearance of static magnetic fields in the sample due
to the magnetic ordering.



B. Soft X-ray ARPES

The experimental band structure of the Vg o6 sample
measured at hv = 355¢eV is shown in Figure 4. The con-
stant E}, cuts as a function of the (k;,k,) coordinates
(Figure 4b) exhibit a point-like feature at Ew, which can
be associated with the topological surface state, and the
hexagonally symmetric, flower-shaped bulk valence band
below. This is similar to what is seen in ultra-violet
ARPES, cf. [8]. We note that the dispersions are less
sharp than in ultra-violet ARPES measurements on sim-
ilar samples.®3¢ This worsens with increasing hv, cf. the
measurement at 510eV in Figure 8a. We attribute this
effect to the doping induced distortions of the crystal
lattice, which can be considered as “frozen phonons” af-
fecting the coherent ARPES intensity similarly to the
thermal effects which occur at high photon energies.?!

In Figure 4c, the measurement as a function of photon
energy (hv) reveals that the surface state exhibits inten-
sity modulations without dispersing as a function of k..
To compensate for the effect of the decrease in the pho-
toemission cross section with increasing hv in Figure 4c,
each measurement was normalized to the total AIPES
intensity outside the I' point, within +0.1eV around FEg.

Figure 5 shows the XAS across the V Ls- and Ls-
edge. The deviation from the theoretical branching ratio
of 2:1 and satellites to the peaks have been reported pre-
viously in similar samples and were attributed to final
state effects ([20] and references therein). The peak po-
sitions are consistent with the literature values, however
the peak-width is larger than what is usually observed
in these samples.2?2! As we will discuss later, this could
be caused by different chemical environments of the V
atoms.

In Figure 6 we plot the raw AIPES intensity of the
V.06 sample as a function of F}, and hv where the latter
is scanned across the V Ls-edge. The spectra were inte-
grated along the I'-M direction. There is a clear intensity
increase at the V Lz-resonance around hr =~ 515.7eV, at
Ey, =~ —1.2eV. A careful analysis of constant Fj,-cuts,
shown in Figure 6b, reveals that at hv ~ 514.2¢eV there
is another resonance close to Er. Note that there is no
intensity drop at low hv like it is sometimes observed
for Fano resonances. The two resonances can be distin-
guished more clearly by looking at the energy distribution
curves (EDC) in Figure 6¢ from which the off-resonance
contribution measured at 510 eV has been subtracted.

Resonant ARPES measurements have been performed
by tuning the photon energy to the V L3-peak measured
in XAS (514.7¢V) as indicated with arrows in Figure 5.
Off resonance reference measurements were performed at
hv = 510eV. The corresponding AIPES at different
doping levels are compared in Figure 7. Although the
spectral shape of the undoped sample might have been
affected by its incomplete decapping, it does not show
any resonance at the V Lg-edge neither in XAS nor in
resonant AIPES. The difference of the AIPES measured

on and off resonance, which reflects the V-DOS,3738 ig
shown in Figure 7b. In the doped samples the two peaks
are located at similar Ej,, suggesting that the behavior
observed in Figure 6 is independent of the doping level.
Note that we can not resolve a shift of the DOS on the
order of 20 meV at different doping levels due to a change

in host carrier density that has been previously reported
in Cr-doped (Bi,Sb)sTes.14

The EDCs measured on and off resonance (correspond-
ing to the ATIPES in Figure 7a) on the Vg ¢g sample are
shown in Figure 8b. Subtracting them gives the angle
resolved difference plot in Figure 8c. It is important
to point out that the resonant contribution close to Eg
forms a non-dispersive impurity band, whereas the one
around —1.2eV seems to be dispersive and hybridized
with the host band structure. We also note that the be-
havior of the V.12 sample is similar, but more smeared
due to the larger disorder.

C. Theory

Electronic structure calculations were performed by
employing density functional theory within the gener-
alized gradient approximation.?® We used a full poten-
ital relativistic spin-polarized Green function method,*°
in which disorder effects were treated within the coher-
ent potential approach (CPA).#! The angular momentum
cutoff was set to lnqz = 3. We have used 32 Gaussian
quadrature points to carry out a complex energy contour
integration, while for the integration over the irreducible
Brillouin zone we used a 30x30x30 k points mesh. The
experimental lattice constants and atomic coordinates of
(Bi,Sb)sTes were adopted for the calculations.*? Accord-
ing to the available experimental data,*>% 3d transi-
tion metal impurities in tetradymite-like chalcogenides
substitute typically cation atoms (Bi and Sb). However,
STM studies also reveal van der Waals positions®%:%4 of Fe
atoms in the bulk BisSes. Based on these data, we con-
sidered that V may occupy the substitutional position in
the (Bi,Sb)-sublattice and the octahedral interstitial site
in the vdW gap.

To extract the V contribution to the Bloch spectral
function (BSF), we calculated the Fourier transformed
site and angular momentum projected Green function
including non-site-diagonal terms within a coherent po-
tential approximation. In this approach a direct extrac-
tion of the V contribution is not possible because of the
non-site-diagonal terms. However, since in these systems
only V atoms own d electrons, the Bloch spectral func-
tion projected into the angular momentum channel [ = 2
can be associated with the V contribution to the BSF.
The result for Vo o6(Bio.335bg.67)1.94Tes considering only
V in substitutional positions is shown in Figure 8d. A
second calculation including aditional V in the vdW gap
of V0.06+0.03 (Bio,338b0‘67)1.g4T63 is shown in Figure 9.
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IV. DISCUSSION
A. Muon spin rotation

The strong increase of the static ZF relaxation rate
below T, confirms the magnetic origin of the features we
observe in wTF-uSR measurements below the same tem-
perature. The magnetic moments of the dopant atoms,
which give only a small, motionally narrowed relaxation
rate above the transition, slow down with decreasing tem-
perature and produce a broad, static field distribution
below T.. In the ZF measurements, a small increase of

The hv values at k; = 0 are shown in the right axis. The

the dynamic relaxation is also observed below the transi-
tion, probably due to the slowing down of magnetic field
fluctuations from the dopant moments. We also point out
that the rate of the static depolarization at low tempera-
ture decreases with increasing doping level (not shown).
This indicates a broader field distribution in the lower
doping samples (as expected) and is generally consistent
with the corresponding decrease in the wTF depolariza-
tion rates (Figure 2b).

The onset of the magnetic transition at 7., which co-
incides with the drop in Ag, increases with doping level.
We also note that the transition temperature is generally
higher for the V doped samples than for the Cr doped
sample, even at lower doping levels. This is in agreement
with the ferromagnetism that is commonly observed in
these materials.57:14:43:45,46,48 Ag mentioned earlier, the
gradual decrease of the wTF initial asymmetry below T,
indicates the gradual formation of ferromagnetic regions,
in an otherwise paramagnetic sample. At T, ferromag-
netism is established in small islands which increase in
number and/or size as the temperature is decreased. One
important aspect of the results in Figure 2 is the fact that
in the samples with dopant concentrations z = 0.16 the
initial asymmetry seems to decrease to the same value at
the lowest temperature, ~ 5 K. Given the similar geome-
try of the measured samples, this is a clear indication that
at this temperature the TI layer is fully magnetic and
that the remaining asymmetry is due to muons stopping
in the Te capping layer, the sapphire substrate or missing
the sample and landing in the Ni backing. From these
measurements we can evaluate the magnetic volume frac-
tion of the doped TI layer by considering the contribution
of muons stopping in each layer to the measured asym-
metry, normalized by the full asymmetry above T,.. Here
we assume that muons landing in the non-magnetic Te
capping maintain their full polarization, while those stop-
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ping in the Ni backing depolarize immediately and do not
contribute to the measured asymmetry. Furthermore we
assume (based on measurements on the bare substrate)
that muons in sapphire maintain only 42(7) % of their
polarization due to Muonium formation. The full de-
tails of these estimates and the reference measurements
are given in the SI.33 The resulting volume fraction as a
function of temperature is shown in Figure 10.

These results clearly show that the volume fraction at
low temperature increases with increasing doping level

saturating at a doping of = ~ 0.16, as shown in Figure 11.
Note that this saturation value of the magnetic volume
fraction is consistent with a full volume fraction consider-
ing the systematic uncertainty of the muonium formation
in the sapphire substrate (see full details in the SI).3% The
samples with V doping levels of z = 0.13 and z = 0.08 do
not reach a full magnetic volume fraction at the lowest
measured temperature (5K), even when extrapolated to
T — O0K. This is one of the important aspects of our
results, since such samples, seemingly with only partial
magnetic volume fraction, have been shown to exhibit the
QAH at very low (mK) temperature.”!? Remember, the
QAH effect can occur only if the topological surface states
are gapped, e.g. by a static magnetic field perpendicu-
lar to the surface of the sample. A possible explaination
for the source of this static field throughout the sample
may be drawn from our measurements. The negative
shift of B (Figure 2c) implies that even in the param-
agnetic regions of the sample there is on average a net
static field perpendicular to the surface. At low enough
temperatures these fields may be sufficient to open the
required gap in the surface states which is necessary for
the observation of the QAH effect.

The drop in Ag is consistent with both, partial volume
ferromagnetism and superparamagnetism as has been re-
ported on similar samples.'>!3 However, clues concern-
ing the nature of the magnetic ordering in these systems
can be obtained from a careful inspection of the tem-
perature and field dependence of B (Figure 2¢). In the
undoped ShoTes we observe an increase of B with de-
creasing temperature, up to 2% of its value at room
temperature (RT). The exact source of this shift is un-
known, but it is most probably of hyperfine origin. A
similar shift in B is observed above T, in the magnet-
ically doped samples. However, below T, we detect a
negative shift in B, which reaches 5% of the RT value.
This surprising effect is most pronounced in the lowest
doping sample. Such large (and negative) field shifts have
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been reported in other materials, e.g. in the diluted mag-
netic semiconductor Cdj_,Mn,Te?”%8 and in MnSi.?9-60
These were attributed to a large hyperfine interaction of
the muon with the screening electrons, which results in
a shift proportional to the applied field.2®57-60 However,
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FIG. 10: Magnetic volume fraction as a function of tempera-
ture, measured in the samples listed in Table I.

in the Vg s sample we detect a shift which is not pro-
portional to the applied field (Figure 2 in the SI).33 In
addition field coled and zero field cooled measurements
yield significantly different shifts (Figure 3 in the SI).33
These observations exclude a shift due to hyperfine in-
teraction and support a scenario where the shift is due
to dipolar fields from ferromagnetic islands acting as su-
perparamagnets.

To understand this effect it is important to note that
the measured precessing signal, and thereby the observed
field shift, originate from parts of the sample which are
not magnetically ordered. The ferromagnetic islands in
the sample produce a dipolar field in these paramagnetic
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regions. If we assume that the magnetic moment of the
islands are randomly oriented, then their dipolar contri-
butions average to zero (sketched in Figure 12a). In such
a case we would expect only an increase in the width of
field distribution sensed by the muons. Therefore, the
shift in the magnetic field below T, provides a strong
evidence that the ferromagnetic domains align with the
applied field, producing an average dipolar field in the op-
posite direction in the paramagnetic regions (Figure 12b).
This is consitent with the reduction of the field shift upon
zero-field cooling. Furthermore, it agrees with the su-
perparamagnetism, i.e. weakly coupled magnetically or-
dered clusters embedded in a paramagnetic matrix, that
has been reported in Refs. [12,13]. Both of these exper-
iments were performed at temperatures below 300 mK
on samples with dopant concentrations of x = 0.11 or
xz = 0.1 of V or Cr, respectively. Based on our results,
these samples are not expected to be fully magnetic. As
the field shift and the paramagnetic volume fraction de-
creases with increasing doping level, it may be possible to
suppress this superparamagnetic behavior by increasing
the doping level of the samples.

B. ARPES and Theory

We observe two peaks in the difference between reso-
nant and off resonant AIPES. The one close to EF is in
agreement with Ref. [20], while the second one has not
been reported before. The additional increase of inten-
sity at Ey, below —4eV (Figure 7b) has previously been
attributed to a contribution of a direct Auger decay.?°
Here it is less pronounced than in Ref. [20], possibly due
to the lower dopant concentration in our sample. The
different hv values of the two resonances in the AIPES
scan (Figure 6) point to the presence of two chemically

a)

Bext

q

FIG. 12: Representation of the magnetic islands in the sample
and their dipolar fields. a) Randomly oriented islands: The
dipolar fields average out to zero over the whole sample. b)
Islands aligned with the applied field: There is a net field
opposite to the external field in the paramagnetic regions.

different V species in the sample. This interpretation is
consistent with the broader XAS peak that we observed.

The calculations show that there is a peak in the V-
DOS of substitutional V around Ey, =—0.1eV to —0.2eV,
independent of the presence of additional V in the vdW
gap (Figures 8e and 9b). Therefore we attribute the first
peak at FEp =—0.1€eV in resonant AIPES to substitu-
tional V. In addition, this peak corresponds to a non-
dispersing impurity band in the resonant ARPES mea-
surement, which is also reproduced by the calculation for
substitutional V but absent for V in the vdW gap, cf.
Figure 9c, confirming our conclusion regarding its origin.

In contrast, the second resonance at higher hr and
lower binding energy does not agree with the peaks in
our calculations of the V-DOS. The difference spectra
in Figure 8c features a general intensity increase around
Ey, = —1.2€eV and some additional dispersing features
around [ at the same binding energy. The latter seem
to be hybridized with the host band structure and are
likely to be caused by V in the vdW-gap as they agree
with the calculated k-resolved BSF in Figure 9c. The
origin of the former is unclear, but we suspect it to be
from V that segregated to the surface of the sample or
oxidized during the sample preparation. In particular,
some V oxides are expected to exhibit V derived states
at this binding energy.5!

C. DMagnetic coupling mechanism

Both calculations and resonant ARPES measurements
reveal a finite V-DOS at Er and therefore also at Ey, cor-
responding to the Dirac point, which is expected to be
slightly below Fr.323 Bulk states at this binding energy
are expected to destroy any quantized transport signa-
tures, as they open additional conduction channels along-



side the QAH states at the surface.®? However, they
may be essential to mediate the magnetic coupling at
higher temperatures. Carrier free magnetism has been
proposed to either occur via van-Vleck ferromagnetism
or ferromagnetic superexchange.?2° The latter is usually
short ranged and requires a high enough dopant concen-
tration to produce long-range order. The site percola-
tion thresholds have been calculated to be 26.23(2) %
in a triangular stack lattice and 69.71(4) % for a hon-
eycomb lattice.%3 These values are much higher than the
magnetic dopant concentration in our samples, where we
find a full volume fraction already at 8 % substitution of
(Bi,Sb). This implies that a ferromagnetic superexchange
alone is not sufficient to explain the long range magnetic
coupling. Note that this does not exclude the presence
of superexchange to trigger nucleation but requires other
longer range interactions for the whole sample to become
ferromagnetic.

The gradual evolution of the magnetic ordering which
we see with uSR is another clear indication that there is a
broad range of magnetic interactions involved. This hints
at a scenario where charge carrier mediated interactions
dominate. It would also agree with the finite V-DOS
that we observe at Fr and with the magnetic moments
on the Sb and Te sites that have been reported by X-ray
magnetic circular dichroism.'* In addition, DFT calcula-
tions on BisTes and SboTes predict the coupling to be
caused mainly by RKKY interactions within the (Bi,Sb)
layer and a double exchange via Te between adjacent
layers.'® Both of these mechanisms rely upon charge car-
riers at the Fermi level.%* Together these findings favor
a scenario where the magnetic interactions are carrier
mediated, thus giving a possible explanation, for the ob-
servation of the QAH effect only at dilution refrigerator
temperatures. It is likely that at these low temperatures
other effects (like disorder induced localization of the im-
purity band together with gating) allow to fully gap the
system without affecting the ferromagnetism in the sam-
ple.

V. CONCLUSION

Our pSR measurements on low doping samples indi-
cate a partial volume fraction of magnetic regions em-
bedded in a paramagnetic environment. They exhibit no
long-range magnetic order even at temperatures down
to 5 K. For higher doped samples (x 2 0.16) we show
that the samples become fully magnetic at low tempera-
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tures. Our findings are consistent with a scenario where
weakly coupled ferromagnetic islands behave as super-
paramagnetic clusters which can be aligned with fields
as low as 5mT. Using resonant SX-ARPES we detect a
non-dispersing impurity band close to Er which is dop-
ing level independent. By comparing it with calculations
for two different V sites (V substituting Bi/Sb and in
the vdW gap) we find that this impurity band originates
from substitutional V. In addition, the calculations for
both sites and the resonant ARPES measurements ex-
hibit a finite V-DOS at Ew. This implies that the mag-
netic coupling at high temperature is predominantly car-
rier mediated. Along with the partial magnetic volume
fraction, the additional conduction channels introduced
by the impurity band could be another factor limiting the
observation of the QAH effect at elevated temperature.

In this study, we combine for the first time both
LE-uSR and SX-ARPES to investigate the same sys-
tem. These two unique experimental techniques offer
a complementary understanding of the electronic and
magnetic state of the studied materials. This method
of investigation is generally applicable to any magneti-
cally doped system, including but not limited to dilute
magnetic semiconductors, transition metal oxides, spin
glasses, etc. and presents a powerful tool to tune and op-
timize such materials. Furthermore this approach can be
extended to magnetic heterostructure and buried inter-
faces, given that the top layer is thin enough (< 3nm) in
order to allow the escape of the SX-ARPES photoelec-
trons.
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