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Chromium-doped Sb2Te3 is a magnetic topological insulator (MTI), which belongs to the
(Sb,Bi)2(Se,Te)3 family. When doped with the transition metals V, Cr and Mn this family dis-
plays long-range ferromagnetic order above liquid nitrogen temperature and is currently intensely
explored for quantum device applications. Despite the large magnetic ordering temperature, the ex-
perimental observation of dissipationless electrical transport channels, i.e., the quantum anomalous
Hall effect, is limited in these materials to temperatures below ∼2 K. Inhomogeneities in the MTI
have been identified as a major concern, affecting the coupling between the Dirac states and the
magnetic dopants. Nevertheless, details on the local magnetic order in these materials are not well
understood. Here, we report the study of the magnetic correlations in thin films using a combination
of muon spin relaxation, and magnetic soft x-ray spectroscopy and imaging. µSR provides two key
quantities for understanding the microscopic magnetic behavior: The magnetic volume fraction, i.e.,
the percentage of the material that is ferromagnetically ordered, and the relaxation rate, which is
sensitive to the magnetic static (∼µs) and dynamic disorder. By choosing different implantation
depths for the muons, one can further discriminate between near-surface and bulk properties. No
evidence for a surface enhancement of the magnetic ordering is observed, but, instead, we find evi-
dence of small magnetically ordered clusters in a paramagnetic background, which are coupled. The
significant magnetic field shift that is present in all samples indicates a percolation transition that
proceeds through the formation and growth of magnetically ordered spin clusters. We further find
that fluctuations are present even at low temperatures, and that there appears to be a transition
between superparamagnetism and superferromagnetism.

I. INTRODUCTION

Topological insulators (TIs) have gained strong inter-
est from the scientific community as a new class of ma-
terials with fascinating yet exotic physics which offers a
large potential for applications in the field of spintron-
ics [1–6]. TIs host a gapless topological surface state
which exhibits a Dirac-cone like dispersion. The topo-
logical surface state is protected by time-reversal sym-
metry (TRS) which leads to a variety of interesting ef-
fects. The prediction of novel quantized states arising
from the peculiar coupling between magnetic and electric
fields make TIs a perfect host for the next generation of
electronic and spintronic devices. Materials of the Bi2Se3
family are among the simplest 3D TIs. They exhibit a
single Dirac cone at the Γ point and show a large bulk
band gap [7], which makes them potentially well-suited
for room-temperature spintronics applications. The exis-
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tence of the topological surface state has been confirmed
by angle-resolved photoemission spectroscopy (ARPES)
[8], scanning tunneling spectroscopy [9], and magneto-
transport measurements [10]. Breaking the TRS of TIs,
e.g., via magnetic doping with Mn [11], Cr or V [12–
16], is however a prerequisite for observing the quantum
anomalous Hall effect (QAHE) [17–19], image magnetic
monopoles [20], the giant magneto-optical effects [21],
and the topological magnetoelectric effect. Potential ap-
plications of ferromagnetic TIs include memory cells and
magnetic sensors [22], as well as novel electronic devices
due to their tunable electronic properties [23].

The QAHE has been observed in Cr- and V-doped
(Bi,Sb)2Te3 [24–28], completing the quantum Hall effect
trio [24]. Thin films of undoped and doped Sb2Te3 have
been prepared on a number of substrates, such as Si(111)
[29], c-plane sapphire [30, 31], and GaAs(100) [32], in
part in the context of thermoelectrics research [33, 34].
The topological surface state in Sb2Te3 bulk crystals as
well as molecular beam epitaxy (MBE) grown thin films
[29] has been predicted [7] and experimentally confirmed
by angle-resolved photoemission spectroscopy (ARPES)
[35]. Upon doping with Cr [13] or V [36], these magnetic
TI (MTI) materials show long-range ferromagnetic order
with a magnetic transition temperature that is depen-
dent on the doping concentration. In bulk crystals, where
the solubility is low, TC is 17 K [12] and 22 K [14] for
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Cr- and V-doping, respectively. As MBE is a low-energy
deposition technique, much higher doping concentration
can be achieved in thin films, leading to very high TCs
for Cr and V of 190 K [13] and 177 K [36], respectively.
Further, doping with rare earth elements induces higher
magnetic moment ions to the TI, which is, in principle,
a route to increase the size of the magnetic gap [37, 38].
Using MBE, heterostructures further offer the opportu-
nity to design and control the magnetic behavior of a
TI system by combining the desirable properties of their
constituent layers [39–41]. A review of magnetic doping
of the (Sb,Bi)2(Se,Te)3 3D TI family can be found in Ref.
[42].

Probing the domain structure and determining the
magnetic anisotropy is particularly relevant for under-
standing the microscopic transport studies, and for fu-
ture electronic device applications. First, in the QAH
state, the existence of magnetic domains fully controls
the transport properties. Whereas single-domain sys-
tems host a single chiral edge channel with a quantized
Hall resistivity of h/e2, multi-domain systems exhibit chi-
ral edge channels also at the magnetic domain walls [6].
These domain-wall bound chiral edge channels were di-
rectly observed using scanning probe microscopy tech-
niques [43–45]. Second, the uneven spatial distribution
of magnetic dopants can lead to a spatial variation of the
magnetic gap — a phenomenon known as Dirac-mass
disorder — which was directly imaged on the atomic
scale using spectroscopic imaging scanning tunneling mi-
croscopy [46].

Most commonly, magnetic domains and domain walls
in thin films and bulk crystals are imaged using, e.g.,
magnetic force microscopy (MFM), magneto-optic Kerr
microscopy (MOKE) or x-ray magnetic circular dichro-
ism (XMCD)-based photoemission electron microscopy
(XPEEM). Each of the methods has its unique advan-
tages and limitations, e.g., in terms of lateral resolu-
tion, magnetic sensitivity, and temperature and applied
magnetic field limitations. Using field- and temperature-
dependent MFM, bubble-like ferromagnetic domains
measuring ∼500 nm were observed in thin films of the
Cr-doped magnetic TI (Bi0.1Sb0.9)2Te3 [47], and also V-
doped Sb2Te3 [48]. However, as magnetic TI thin films
are usually magnetically very soft, the magnetic stray
field of the MFM tip can be detrimental for the precise
determination of magnetic domains.

Here, we present a study of magnetic inhomogeneities
of Cr-doped Sb2Te3 films on c-plane sapphire using
XMCD and XPEEM and muon spin rotation. Films
with a doping concentration of up to x = 0.76 in
CrxSb2−xTe3 have been prepared, which were ferromag-
netic [49], of high structural quality and free of secondary
phases and precipitates, consistent with previous reports
by Gupta et al. [50] of an upper bound of x = 0.88
for the absence of phase separation and precipitates.
The choice of the upper doping limit was motivated by
the onset of changes in the magnetic properties, rather
than by the deterioration of the structural properties

(high quality films with x = 0.88 have been reported
by Gupta et al. [50] with a TC of 250K). The magnetic
transition temperature is an almost linear function of
doping concentration, reaching up to a maximum of
168K for x = 0.71 in our samples. This value is slightly
lower than the value of 190K reported by Zhou et al.
[13] for x = 0.59.

II. EXPERIMENTAL METHODS

A. Sample preparation and characterization

CrxSb2−xTe3 thin film samples were prepared by MBE
on c-plane sapphire substrates in a doping range from
x = 0.15 to 0.71, as discussed in detail for x ≤ 0.42 in
Ref. [51]. In short, we employed a two-step deposition
method, where an undoped nucleation layer is first de-
posited at a lower substrate temperature, followed by the
growth of the doped CrxSb2−xTe3 film at a higher sub-
strate temperature. Standard effusion cells were used,
whereby a Te:(Cr+Sb) overpressure of 10:1 was kept.
The growth rate was ∼ 0.6 nm/min and a series of sam-
ples were grown with varying Cr doping concentrations
and a thickness of ∼ 55 nm.
The structural properties of the films were monitored

in-situ using reflection high energy electron diffraction
(RHEED), showing streaky RHEED patterns which are
indicative of smooth 2D growth [51]. Ex-situ character-
ization was done by atomic force microscopy (AFM) for
the surface morphology, and the crystalline properties
and the film thickness were determined by x-ray diffrac-
tion (XRD) and reflectivity (XRR) [51], to determine
the maximum Cr concentration up to which the films
remain of high quality and free from secondary phases
[51]. Rutherford back-scattering spectrometry (RBS)
was used for accurate determination of film thickness and
Cr concentration [51].
The (integrated) magnetic response of the thin films

was determined using a superconducting quantum in-
terference device (SQUID) vibrating sample magnetome-
ter (VSM). The Quantum Design MPMS 3 SQUID-VSM
system allows for the application of magnetic fields of up
to 7T and measurement temperatures of below 2K. Hys-
teresis loops of the magnetization M were measured at
selected temperatures with the magnetic field H applied
both in-plane and out-of-plane. The hysteresis loops
for a sample with x = 0.71 (in Cr0.71Sb1.29Te3) at 5K
[Fig. 1(a)] reveal their perpendicular magnetic anisotropy
(easy axis parallel to the surface normal c-axis) and a
saturation magnetization of ∼2.9µB/Cr, consistent with
the previously reported, x-independent value for the se-
ries of (2.8 ± 0.2)µB/Cr. The magnetic moment per Cr
ion was obtained by determining the film volume (using
the XRR thickness) and the doping concentration as de-
termined by RBS for the sample series. The saturation
value is close to the Hund’s rules value 3µB/Cr, whereby
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the slightly reduced value is to be expected due to the
hybridization between Cr-d and Se-p orbitals [51, 52].

The magnetic transitions, and associated transition
temperatures TC, were obtained by recording M(T ) plots
(in an applied out-of-plane field of 20mT), as shown
for the x = 0.71 sample in Fig. 1(b) (red curve). The
M(T ) plots were differentiated with respect to temper-
ature, where the minima are taken as the value of TC.
The films with x ≤ 0.41 show a single, strongly doping
concentration dependent transition temperature, rang-
ing from 28K for x = 0.15, over 65K for x = 0.26, to
125K for x = 0.42 [51]. In case of the highly doped
sample, two transitions are found, as shown in Fig. 1(b)
(blue curve). Apart from the transition at 186K, which
is consistent with the behavior of the doping series, a
second, much weaker and less obvious transition appears
at ∼97K. Note that this sample shows no hints of sec-
ondary phases either, yet was deemed to be the limit for
the Cr doping series due to the magnetic anomaly.

An overview of the structural and magnetic properties
for the CrxSb2−xTe3 sample series is given in Ref. [51],
and their magnetotransport properties are discussed in
Refs. [49, 53]. In summary, the p-type samples had car-
rier concentration ranging from 5.83 to 11.52×1013 cm−2

and mobility ranging from 207 to 28 cm2/Vs for x = 0.15-
0.76, respectively, as determined by transport measure-
ments [49]. The observed TC ∼ xp1/3 relationship is
in agreement with previous studies on these materi-
als [13, 54], and consistent with the proposed Ruder-
man–Kittel–Kasuya–Yoshida (RKKY) interaction within
the mean-field approximation [55].

B. X-ray magnetic circular dichroism

X-ray absorption spectroscopy (XAS) and x-ray mag-
netic circular dichroism (XMCD) [56–58] experiments
were performed at the Cr L2,3 edges on beamline I10
at the Diamond Light Source, UK. Measurements were
performed after in-situ cleaving in the UHV environment
of the intermediate chamber of the superconducting mag-
net end station. The XMCD was obtained as the differ-
ence (µ−−µ+) between two XAS spectra recorded with
the helicity vector antiparallel and parallel to the applied
magnetic field of 2 T, where µ+ and µ− are the absorp-
tion coefficients for parallel and antiparallel alignment
of x-ray helicity vector and magnetization direction, re-
spectively. Measurements were performed by reversing
the polarization of the normal incidence x-rays, to avoid
having to switch the high field of the superconducting
magnet, at normal incidence with respect to the sample
surface, using total-electron-yield (TEY) detection mode
[58].
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FIG. 1. (a) M(H) hysteresis loops for a Cr0.71Sb1.29Te3 thin
film sample with the field applied in-plane (blue) and out-
of-plane (red). The data was taken at 5 K. (b) The tem-
perature dependent magnetization, M(T ), was measured in
an applied out-of-plane field of 20 mT during cool-down (red
curve). The differentiated curve (shown in blue) reveals two
transition temperatures.

C. X-ray Photoemission Electron Microscopy

X-ray photoemission electron microscopy (XPEEM)
[59] was carried out on the XPEEM beamline (UE49-
PGM) at the BESSY II synchrotron in Berlin [60]. In
essence, XPEEM is an XMCD-based electron microscopy
(with the photon energy in our case tuned to the Cr
L3 edge), which spatially resolves the emitted photoelec-
trons. The XPEEM image contrast is directly propor-
tional to the relative orientation of the x-ray helicity P̂
and the magnetization direction M̂, i.e., ranging from
bright contrast (P̂ ↑↑ M̂), over gray (no contrast for

P̂ ⊥ M̂), to dark contrast (P̂ ↑↓ M̂) [57, 61]. XPEEM
provides the spatially resolved magnetization of a sample
surface with a resolution down to ∼40 nm over a 5µm
field-of-view. The sample holder allows for low tem-
perature measurements down to ∼45K, in a constant
applied field of up to 22mT (or a briefly applied field
of up to 50mT) [60]. Prior to XPEEM imaging, the
thin film samples were sputter cleaned at a pressure of
1.2×10−5 mbar, using a current of I = 20 µA for 10min
each at energies of 1.1 keV, 800 eV, and finally 400 eV.



4

This sequence yields a clean TI surface [62], free of oxida-
tion [63], and of higher quality compared to the surface
after decapping of Se or Te [64].

D. Low energy muon spin relaxation

Weak transverse field (wTF) and zero-field (ZF) µSR
measurements were carried out at the low-energy muon
(LEM) beamline at the Paul Scherrer Institut, Switzer-
land [65]. The data was collected as a function of implan-
tation energy and temperature. The LEM beamline pro-
duces a spin polarized beam of very slow muons within
a tunable energy range of 1-30 keV, through which the
muon implantation depth can be tuned. Muon stopping
distributions were estimated by carrying out Monte Carlo
simulations using the Trim.SP software [66]. The samples
were glued onto Ni-coated sample holders. All muons
stopping in the sample holder depolarize very quickly,
within the first 100 ns, and do therefore not contribute
to the overall relaxation rate beyond this time interval.
One sample was glued to an Ag coated sample holder,
which gives only a time independent background signal,
to allow for the study of fast relaxation components in
zero field measurements. In a µSR experiment, the spins
of the implanted muons experience a combination of ex-
ternal and local, internal magnetic fields, and they will
precess around the net field. A muon will eventually de-
cay, with a mean lifetime of 2.2 µs, emitting a positron
preferentially along the direction of the muon spin at the
time of decay. By following the time evolution of the
polarization of the muon ensemble detailed information
of the local magnetic field distribution within the sample
can be obtained.

In wTF measurements, a field perpendicular to the
µ spin is applied. In the absence of any other mag-
netic fields the µ spin will precess around the exter-
nal field with the characteristic Larmor frequency of
ω = γµBext, with the muon gyromagnetic ratio of γµ =
2π× 135.5MHz/T. If static magnetic order develops the
internal fields will be comparatively strong and if there
is a distribution of fields at the muon stopping site(s) a
fast relaxation will be observed. In contrast, if the muon
stops in a paramagnetic environment, the muon mainly
experiences the external magnetic field, and only a very
slow relaxation is observed. By following the fraction of
the muon population that undergoes slow precession the
nonmagnetic volume fraction of the sample can be esti-
mated. The data was fitted using the following equation:

A(t) = ae−λt cos(ωt+ ϕ) . (1)

Here, A(t) is the time-dependent asymmetry between the
positrons detected on opposing sides of the sample, a is
the oscillation amplitude at t = 0 which is proportional
to the non-magnetic volume fraction, λ is a relaxation
parameter linked to static and dynamic field distribution
in the system, ω is the µ-precession frequency which is
proportional to the average magnetic field experienced by
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FIG. 2. Cr L2,3 spectra of Cr-doped Sb2Te3 (x = 0.71) in an
applied out-of-plane field of 2 T. (a) XAS spectra for opposite
circular polarizations (µ−, µ+) in normal incidence at 60 K.
(b) XMCD (µ− − µ+) spectra at 60 K (blue line) and 150 K
(green line).

the muon via the gyromagnetic ratio as explained above,
and ϕ is a phase which depends on the orientation of the
initial polarization relative to the sample-positron detec-
tor axis and is in general fixed for a given instrumental
setting. The total non-magnetic volume fraction can be
estimated by comparing the remaining asymmetry am-
plitude to that of the fully non-magnetic state after cor-
recting for unwanted contributions from the instrument,
sample holder and exposed parts of the substrate, see,
e.g., Refs. [67, 68]. For our samples these parasitic con-
tributions amounted to 6% of the observed signal.

III. RESULTS

Combining magnetic spectroscopy and imaging with
the local and dynamic sensitivity of muons, we stud-
ied the Cr doping series. We focus on CrxSb2−xTe3
films with x ≤ 0.42, i.e., films which show no secondary
phases, are characterized by sharp RHEED streaks and
only weakly broadened x-ray reflections. However, as
XPEEM does not show any magnetic contrast for films
with x ≤ 0.42, owing to its relatively high base tem-
perature and potentially limited by its lateral resolution
(of ∼40 nm), this part of the study focuses on x = 0.71
samples.

A. Magnetic x-ray spectroscopy

Figure 2 shows the Cr L2,3 XAS and XMCD spectra of
the Cr0.71Sb1.29Te3 thin film sample, obtained after in-
situ cleaving. The XAS lineshape is clean and shows no
evidence of oxidation [52, 69]. It is further suggesting a
nominal Cr valence of 2+, indicative of substitutional Cr
doping (on Bi/Sb sites). The XAS and XMCD spectra
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FIG. 3. XPEEM image taken of the magnetic domain struc-
ture of a Cr-doped Sb2Te3 with x = 0.71 taken at 54.7 K and
the x-ray energy of the Cr L3 edge. The lower panel shows a
linescan of the XPEEM contrast at the indicated position in
the image. The XPEEM contrast has been normalized.

are similar to previously reported measurements on bulk
Cr-doped (Sb,Bi)2Te3 [39, 70]. The decrease in ampli-
tude of the XMCD signal at 150 K compared to that at
60 K reflects the magnetization reduction as the tempera-
ture increases, however, no fundamental difference in line
shape is observed in the spectra at the two temperatures.

For the XPEEM measurements, the samples were not
cleaved in-situ, but sputter-cleaned. The cleaning pro-
cess was optimized such that it yielded an identical
XAS spectrum, free of signs of oxidation, to the in-
situ cleaved samples. Figure 3 shows an XPEEM im-
age of a CrxSb2−xTe3 film with x = 0.71 at 54.7K, i.e.,
below both transition temperatures of Tc1 = 97K and
Tc2 = 186K found in bulk-sensitive SQUID magnetom-
etry (see Fig. 1). The contrast reveals strongly inho-
mogeneous magnetic order down to lengths scales below
100 nm.

Next, we investigated the temperature-dependence of
the magnetic domain pattern, to shed some light on the
two magnetic transitions. Figure 4 shows a series of

XPEEM images, obtained at temperatures ranging from
46.5K (the base temperature of the cryostat in combina-
tion with the chosen sample holder), to 100.8K, which
is above Tc1. Whereas the contrast shows little varia-
tion up to 90.7K, i.e., no change in the distribution of
magnetic domains, the image taken at 100.8K shows al-
most no contrast at all. Note that the black and white
pattern in the center of the image is due to a magnetic
defect, which was also used for optimizing the focus. The
absence of any measurable contrast above Tc1, together
with the clearly existing ferromagnetic long-range range
order that is evident in the SQUID data [Fig. 1(b)] and
the XMCD [Fig. 2(b)] taken at 150K, suggests that the
lower transition temperature represents a blocking tem-
perature. It is very unlikely that the magnetic state be-
tween Tc1 and Tc2 is due to a secondary phase, which
should also be structurally distinguishable. One of the
most likely secondary phase candidates, Cr2Te3, has a
TC of 150K and can be ruled out as the XMCD persist
above 150K [Fig. 2(b)]. Further, the spectral shape of
the measured XMCD differs from the one measured on
Cr2Te3 thin films [71]. Note that there are other possi-
ble secondary phase candidates as well, such as trigonal
Cr0.6Te, monoclinic Cr3Te4, and cubic Cr5Te8 [72], which
have reported TC values of 238, ∼330, and 250K, respec-
tively [73], however, none of them has been structurally
identified in our films.
Overall, the occurrence of two magnetic transitions in

these thin films, with no evidence for the presence of
secondary phases, hints at Tc1 being a blocking tempera-
ture below which superparamagnetic domains freeze out.
To further clarify this behavior, to discriminate between
bulk and surface magnetism in the films, and to study
the timescales of the fluctuations, we carried out comple-
mentary µSR measurements.

B. Muon spin relaxation

µSR spectra were acquired at two implantation depths,
with the energy of the muons chosen to be 3 keV and
6 keV (5 keV for the slightly thinner x = 0.05 sample).
The stopping profile distributions are shown in Fig. 8 in
Appendix A for those energies. The lower energy places
the center of the distribution near the surface of our films,
whereas the higher energy places it near the middle layer
of the film.
Figures 5(a), 5(b), and 5(c) show the extracted fit pa-

rameters, the magnetic volume fraction, slow relaxation
rate and internal magnetic field, as a function of tem-
perature for all concentrations and the two implanta-
tion depths. The magnetic transition is concentration-
dependent and can be clearly identified for all samples.
The slow relaxation rate peaks around the magnetic tran-
sition, but this peak is very broad, and for the two lower
Cr concentrations (x = 0.05 and 0.1), the relaxation rate
does not fully decay in the magnetically ordered phase.
The magnetic transition is also clearly visible as a step
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FIG. 4. XPEEM images, taken at the Cr L3 edge at differ-
ent temperatures ranging from 46.5 to 100.8 K. The scale bar
(1µm) is shown in the top-left image, and is the same for all
temperatures. In the top-right corner of each image, a Fourier
transform of the contrast is shown. The XPEEM contrast has
been normalized.

in the magnetic volume fraction, where some magnetic
features seem to persist into the non-magnetic phase.

The magnetic volume fraction is >90% for all Cr con-
centrations above 0.05, and close to 95% in the middle of
the films. The volume fraction near the surface is gener-
ally very similar to the center, i.e., no surface enhance-
ment was found, though there might be a small reduction
at the film surface for the higher concentrations. For the
lowest concentration, the total magnetic volume fraction
reaches 85% both in the middle and near the surface of
the film. Figure 7 shows a comparison of the Cr concen-

tration dependence of the magnetic volume fraction at
4K.

The Curie temperature, as measured by the peak in
the relaxation rate, is also identical for the middle and
the surface regions in these samples. As expected, this
temperature is also in good agreement with the temper-
ature at which half of the total magnetic volume has de-
veloped. The relaxation rate — a measure of the field
distribution at the muon stopping site — shows a very
broad peak around the magnetic transition temperature.
For the higher doping concentrations, the relaxation rate
is suppressed at the lowest temperatures deep in the or-
dered phase but for lower concentrations significant fluc-
tuations remain even at the lowest temperatures accessi-
ble. In contrast to the transition temperature and mag-
netic volume, the value of the relaxation rate is signifi-
cantly reduced near the film surface when compared to
the bulk.

All samples show strong internal magnetic field shifts
as they proceed through the transition. These tend to re-
cover as the sample enters the magnetically ordered phase
— except for the lowest doping concentration under in-
vestigation. For this sample, a small reduction in the in-
ternal magnetic field persists down to low temperatures.
Like the magnetic relaxation amplitude, the amplitude
of the field shift is reduced near the surface of the sam-
ples even though the temperature dependence remains
the same.

wTF measurements were also carried out on the x =
0.1 sample after zero field cooling (not shown), and we
found that the internal field shift is much less pronounced
near the middle of the film. Further, there is also a less
pronounced reduction in the shift near the surface.

Additional zero field measurements were carried out
on the x = 0.325 sample at 6 keV to investigate the mag-
netically ordered phase further. In this configuration,
a precession signal would reveal a highly ordered ferro-
magnet, provided the number of possible muon stopping
sites is small, and a fast exponential relaxation is then
indicative of a disordered magnet. Above the transition
our data follows a single exponential decay, while below
the transition the data is well described by a fast and
a slow relaxing component using the following equation:
A(t) = A0[

1
3 exp(−λt) + 2

3 exp(−∆t)] + Abg, see Fig. 6.
Below the transition λ is indicative of the amount of dy-
namic fluctuations in the system: this term in the equa-
tion represents the ensemble average of muons that are
implanted with their spins parallel to the local magnetic
field which can only relax due to dynamic fluctuations of
the local field. In line with the wTF measurements we
find a broad peak around the magnetic transition that
decays slowly in the ordered regime. The fast relaxation
rate is determined by the width of the static field dis-
tribution at the muon stopping sites. It continues to in-
crease monotonically in the ordered regime down to the
lowest temperatures. The maximum width obtained at
6K was 0.013T.
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FIG. 5. (a) Magnetic volume fraction, (b) muon slow relaxation rate, and (c) internal magnetic field as a function of temperature
and depth for the five Cr concentrations as extracted from the wTF measurements under and applied field of 50 G. The data
from the near surface area is shown by black squares and the data from the middle of the film by red circles.

IV. DISCUSSION

One question that affects the interplay of magnetism
and transport behavior in these compounds is the homo-
geneity of the magnetic properties. Hereby, one can dis-
tinguish between (i) surface-versus-bulk effects, possibly
hinting at an enhancement of the magnetic order involv-
ing the topological surface state, and (ii) the homogeneity
throughout the volume of the sample. There have been
contradicting reports on surface magnetism in the litera-
ture, either reporting different magnetic anisotropy and
transition temperatures at the surface [55, 74], or find-
ing no evidence for it at all [39, 75]. In the latter stud-
ies, surface-sensitive XMCD was employed which is able
to assure an unoxidized surface. Given that these com-
pounds are prone to oxidation [63], and slight changes
in stoichiometry are possible due to the desorption of a
protective cap [64], differences between surface and bulk
properties are not too astonishing. Our µSR results in-
dicate that there is no significant difference in either the
magnetic volume fraction or transition temperature be-
tween surface and bulk for all doping concentrations that
were investigated.

The very broad peak in the slow relaxation rate indi-
cates a transition characterized by the random distribu-
tion of dopants; some magnetic fluctuations and residual
magnetic correlations are present above the transition
temperature gradually increasing as the temperature de-
creases across the magnetic transition. The character of
the transition does not markedly change with decreas-
ing doping concentration, though for lower concentra-
tions some fluctuations can still be detected even at the

lowest temperatures. For the lowest concentration under
investigation, the total magnetic volume fraction is also
reduced.

Despite the significant amount of randomness charac-
terized by the µSR data, all films clearly undergo a mag-
netic phase transition and enter a magnetically ordered
phase at low temperatures. This is in line with studies of
V-doped magnetic TIs [68], and in contrast to Dy-doped
TIs where no clear transition was found, but, instead, a
gradual increase of short range (patchy) magnetic order
[38].

The shift in the magnetic field experienced by the
muons can be explained by the formation of small mag-
netically ordered clusters, i.e., the presence of magnetic
inhomogeneities in the sample. Muons stopping within
these clusters will depolarize quickly and not contribute
to the slow precession signal in wTF measurements.
Muons stopping in the paramagnetic regions surround-
ing the clusters will experience a distribution of magnetic
stray fields emanating from the surrounding clusters that
are preferentially aligned along the external magnetic
field direction, parallel to the c-axis of the crystal. The
effective field experienced by these muons will depend
on the number of surrounding clusters and their distri-
bution, the strength of the intra-cluster coupling and the
frequency of the magnetic fluctuations. If the clusters are
relatively small, rather than columnar domains travers-
ing the entire film thickness, the muons stopping in the
middle of the film will be surrounded by magnetically or-
dered, fluctuating patches, whereas muons stopping near
the surface experience no stray fields from above their
stopping site. This explains why the field shift is smaller
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near the surface compared to the middle of the film even
though the magnetic volume fraction remains constant.
In the magnetically ordered phase, the magnetic volume
fraction is close to 100%, thus very few muons will stop
in the paramagnetic region of the film and the internal
field measured is dominated by muons stopping outside
the sample. Additional measurements after zero-field-
cooling support this picture. The size of the field shift
is significantly reduced as the effective stray fields from
randomly aligned clusters tend to partially cancel each
other; in practice, the clusters are very likely still aligned
with the easy c-axis in the material, but with no preferen-
tial direction. The reduction in field shift is significantly
more pronounced for muons stopping in the middle of the
film. This supports the idea that these muons are sur-
rounded by, and experience the influence of, many clus-
ters, which are therefore relatively small, i.e, significantly
smaller than the film thickness. In contrast, muons stop-
ping near the surface have only few clusters contributing
to their stray field environment. Hints of the cluster for-
mation can also be seen in the XPEEM measurements
(of the highly doped sample).

In the ZF measurements, we find a continued increase
of the fast relaxation constant ∆ even in the magnetically
ordered regime. The effective field distribution which the
muons experience in the ordered phase continues to in-
crease even when the magnetic volume fraction is close
to 100%. This implies that the percolated, magnetically
ordered patches continue to be only weakly coupled, with
superparamagnetic fluctuations persisting at low temper-
atures. The muon spins are exposed to the fluctuating
stray fields of the neighboring patches, reducing the ef-
fective field they are subjected to. As these thermal fluc-
tuations slow with decreasing temperature and clusters
might freeze or get pinned, the effective static field dis-
tribution increases.

Using scanning SQUID-on-tip microscopy, Lachman
et al. [76] first observed that the magnetic domains in
weakly Cr-doped (Sb,Bi)2Te3 continue to fluctuate even
below liquid He temperatures. Their measurements
showed that the magnetic order in these films is not
robust over long lengthscales. In the most strongly
doped sample of our series, which was investigated
only with XPEEM, we find evidence for a blocking
temperature, most likely from superparamagnetism
to superferromagnetism, well below TC. Below this
temperature, the magnetic order is frozen and thus
XPEEM imaging was able to directly observe the strong
inhomogeneities in the magnetization distribution.

The nature of the magnetic order in Cr- and also V-
doped TIs has been studied using a variety of techniques
[15, 51, 77, 78]. The key finding was that the ferro-
magnetic transition temperature is doping concentration-
dependent, contradicting earlier theoretical explanations
by the Van Vleck model [79] which relies on intra-atomic
interactions as these only give a concentration indepen-
dent contribution [19, 24, 80]. Instead, the covalent char-

(b)

(a)

FIG. 6. Zero field measurement of the x = 0.325 sample
at 6 keV, fit parameters vs temperature: (a) slow relaxation
component λ, and (b) fast relaxation component ∆.

acter of magnetically doped compounds in this class of
materials is the crucial ingredient [78]. Despite finding
an impurity band near the Fermi level [67, 81, 82], the
hybridization between the dopant 3d and the 5p states
of the host material [39, 75, 78, 81, 83] appears the most
important mechanism stabilizing ferromagnetism.
Recent theoretical advances have also critically revis-

ited the Van Vleck model of the magnetic order and
made the link to other dilute magnetic semiconductors,
pointing instead to dominant superexchange interaction
in II-VI compounds and the transition metal doped
tetradymite dichalcogenides independent of their topo-
logical state [84]. For Cr and V-doped TIs a ferromag-
netic exchange based on the charge state of the magnetic
impurity is predicted [84].
Further, the ferromagnetic order in these compounds

can be efficiently controlled via the electrical carrier con-
centration, either through charge doping whereby TC in-
creases with the carrier concentration [75, 83], or through
electrical gating [76]. Putting these pieces together, it
can be stated that magnetic order in these TI compounds
is strongly dependent on a carrier-mediated interaction
based on hybridized dopant 3d and host p-states, form-
ing carrier bands, with some analogies to the ordering
mechanism in dilute magnetic semiconductors [85, 86].
In agreement with V-doping [67, 68], we find that for

lower doping concentrations, a significant fraction of the
material remains paramagnetic. The fact that neither the
volume fraction nor the transition temperature change
significantly between surface and film center suggests a
long-range magnetic ordering mechanism that does not
depend strongly on very short-ranged interactions. In
addition, our doping concentrations are much below the
site percolation thresholds for triangular or honeycomb
lattices, see Ref. [67].
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In other dilute magnetic semiconductors the magnetic
ordering mechanisms have been extensively investigated.
There, it was found that percolation dynamics of bound
magnetic polarons should dominate if the localization
length of the hole carriers is short compared to the mean
impurity distance. This distance spans ranges from ap-
proximately 200 to 20 Å in our samples, depending on the
impurity concentration, assuming homogeneously dis-
tributed impurities. It was pointed out in Ref. [87] that
the percolation behavior is a very general phenomenon,
and does not depend on the details of the material inves-
tigated (mostly GaMnAs in their case). From our muon
results, it can be concluded that this model is also appli-
cable for Cr-doped Sb2Te3 for all doping concentrations
investigated. In Ref. [86], µSR revealed a phase sepa-
ration into FM and PM regions in the dilute magnetic
semiconductor GaMnAs, persisting down to the lowest
temperatures accessible but no magnetic clustering or
percolation was found there, leading to the conclusion
that the hole localization length is much greater than the
mean impurity distance in those samples. Our samples
do show a percolation transition and magnetic cluster-
ing, as evidenced by the internal magnetic field shifts. In
addition the continuing increase in the static field distri-
bution in the magnetically ordered phase lends additional
support to the idea of percolating magnetically ordered
patches, and this is also in contrast to the observations
on GaMnAs where no change in the magnetic field dis-
tribution was seen below the ordering temperature [86].
This clearly points to more localized carriers in Cr-doped
Sb2Te3 with localization lengths that appear to be com-
parable to the mean impurity distance. The magnetic
ordering mechanisms in these samples is clearly very com-
plex and our data shows that they display characteristics
of magnetic ordering of both localized and itinerant car-
riers at the same time.
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FIG. 7. Magnetic volume fraction as a function of Cr doping
concentration at 4 K, both near the surface and in the middle
of the films.

V. SUMMARY AND CONCLUSIONS

In conclusion, we presented an investigation of the
magnetic order in MTIs, with a focus on the homogene-
ity of the magnetic sample properties, which are relevant
for studying effects based on QAH states.

Using µSR, we find that there is no significant differ-
ence between surface and bulk magnetism for all doping
concentrations studied. Moreover, we found that for low-
doped films, which are the most relevant for QAH-based
studies, a significant fraction of the film remains param-
agnetic at low temperature. From the shift of the mag-
netic field experienced by the muons it can be concluded
that small magnetic clusters are present in the sample,
and that the coupling of these clusters gives rise to appar-
ent differences between the surface and the middle of the
film. This observation addresses the other aspect of ho-
mogeneity with respect to magnetic order, i.e., its spatial
distribution. From the observation of a percolation tran-
sition, it can be concluded that due to the random distri-
bution of dopants the film is inhomogeneously magneti-
cally ordered; an observation also supported by magnetic
microscopy. The magnetic transition itself is dominated
by carrier mediated interactions which remain neverthe-
less fairly localized, with localization lengths that appear
to be comparable to the mean impurity distance, leading
to a complex magnetic behavior. Being able to control
these inhomogeneities will be the key to unlock the full
potential of MTIs, which show nevertheless great poten-
tial for quantum device applications.
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APPENDIX A: IMPLANTATION ENERGY
DEPENDENCE OF THE MUON STOPPING

PROFILES

Figure 8 shows the muon stopping probabilities as a
function of depth for the different implantation energies
used in this study.
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