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We combined scanning tunneling microscopy and locally resolved magnetic stray field measurements
on the ferromagnetic semimetal EuB6, which exhibits a complex ferromagnetic order and a colossal
magnetoresistance effect. In a zero magnetic field, scanning tunneling spectroscopy visualizes the existence
of local inhomogeneities in the electronic density of states, which we interpret as the localization of charge
carriers due to the formation of magnetic polarons. Micro-Hall magnetometry measurements of the total
stray field emanating from the end of a rectangular-shaped platelike sample reveals evidence for magnetic
clusters also in finite magnetic fields. In contrast, the signal detected below the faces of the magnetized
sample measures a local stray field indicating the formation of pronounced magnetic inhomogeneities
consistent with large clusters of percolated magnetic polarons.
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Materials in which the electronic and magnetic properties
of the system are strongly modified by the exchange
coupling between the conduction electrons and local mag-
netic moments are of fundamental importance in modern
condensed-matter physics as well as of technological inter-
est, e.g., in spintronics research [1]. A manifestation of this
effect is, for example, the emergence of a large negative or
even colossal magnetoresistance (CMR) observed in various
types of magnetic semiconductors, rare-earth chalcogenides
and hexaborides, Mn-based pyrochlores, and mixed-valent
rare-earth perovskite manganites [2–5]. In these materials,
a universal tendency to form intrinsic (i.e., nonchemical)
inhomogeneous states is often observed, see, e.g. [6,7],
which is related to the formation of ordered magnetic
clusters, or magnetic polarons (MP). Such objects evolve
as a result of a large exchange interaction between the
conduction electrons and the localized spins, i.e., when it is
energetically favorable for the charge carriers to localize
while spin-polarizing the local magnetic moments over a
finite distance given by the localization length of the charge
carriers. A percolation transition of MP, resulting in a
delocalization or sudden mobility increase of the charge
carriers once the magnetic clusters overlap, is an intriguingly
simple model for explaining the CMR effect in many of
these materials [8–12].
For the present study, in which we aim to (i) visualize

the electronic phase separation and (ii) find evidence for
magnetic cluster formation in finite magnetic fields, we have
chosen the ferromagnetic semimetal EuB6 [13], which, due
to its simple lattice and magnetic structure, may be viewed as

a “clean” model system for studying purely spin-tuned
transport phenomena. Because Eu2þ is an 8S7=2-state ion
with a large magnetic moment of (theoretically) μeff ¼
7.94 μB, the magnetic properties are isotropic and apparently
particularly simple. The transition into the ferromagnetic
state, however, shows an intriguingly complex behavior
with two consecutive transitions at about Tc1 ¼ 15.3 K
and Tc2 ¼ 12.6 K [11,14–17]. Reminiscent of the behavior
of the mixed-valent manganites, the paramagnetic-to-
ferromagnetic transition is accompanied by a drastic reduc-
tion of the resistance in zero magnetic field as well as a CMR
effect in finite magnetic fields, which is strongest around Tc1 .
It has been proposed that this large negative MR in EuB6 at
Tc1 is related to a percolation-type transition resulting from
the overlap of MP, which causes a delocalization of the hole
carriers [10,11,18]. MP commence to form at a temperature
scale T� ∼ 35–40 K [11,12,14,15] and upon cooling or
increasing magnetic field grow in size and/or number until
they percolate (form links) at T ≤ Tc1 . These polaronic
clusters finally merge at T ≤ Tc2 , where bulk ferromagnetic
order sets in—a scenario in accordance with recent transport
data [14,18]. In μSR experiments, two distinct and spatially
separate regions associated with different magnetic behavior
have been observed upon cooling through the transitions
at Tc1 and Tc2 , providing evidence for magnetic phase
separation that can be interpreted in terms of the gradual
coalescing of magnetic polarons [19].
In an effort to directly visualize the polaron formation,

we conducted spectroscopy by utilizing scanning tunneling
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microscopy (STM) and spectroscopy (STS) in an ultrahigh
vacuum system [20]. This allows us to study the evolution
of the local density of states (DOS) at an atomically
resolved length scale at different temperatures. Figure 1
(a) presents a zoom into a ð10 × 10Þ nm2 field of view, see
also [21]. The distance between the corrugations is
0.41 nm, Fig. 1(b), in excellent agreement with the lattice
constant a ¼ 0.4185 nm. Note that line 2 is oriented almost
perpendicular to the fast scan direction which causes a
slightly enhanced noise of this line compared to lines 1 and
3. The square arrangement of the corrugations aligned
parallel to the main crystallographic directions h100i and
h010i, respectively, is expected for the cubic CaB6 structure
type (space group Pm3̄m), see inset to Fig. 1(a), and
manifests the absence of any severe surface reconstruction.
Importantly, no interjacent corrugations were observed
between the main ones, see line 4 parallel to a h110i
direction: additional, less pronounced corrugations stem-
ming from the apex of the B octahedra have characterized
the Sm-terminated surfaces of SmB6 [22]. By analogy, we
therefore suggest Fig. 1(a) to represent a B-terminated
surface, in which case even the corrugation height and the
appearance of slight inhomogeneities (line 1) are in concert
with the findings on SmB6 [22].
The tunneling conductance gðVÞ ¼ dIðVÞ=dV is, within

simplifying approximations, proportional to the local DOS.
Details of our tunneling measurements can be found in
the Supplemental Material (SM) [21]. Representative
results obtained at T ¼ 5.6 and 20 K are compared in
Figs. 1(c)–1(f) (see the SM [21] for data at an intermediate
temperature Tc2 < T ¼ 15 K < Tc1). Locally resolved

maps of gðV; r⃗Þ at constant V ¼ −24 mV for the two
temperatures are presented, respectively, in (c) and (e),
while area-averaged gðVÞ curves for the same T are given
in (d) and (f). The respective areas for averaging are marked
in the maps (c) and (e). We note that in Fig. 1(d), i.e.,
at T ¼ 5.6 K, also a curve averaged over the total area of
(c) is included emphasizing negligible spatial inhomoge-
neities of the DOS deep inside the ferromagnetically
ordered phase.
In contrast, the spectroscopic findings in the paramag-

netic state at T ¼ 20 K are markedly different. Here, local
inhomogeneities are obvious, specifically for negative bias
voltage V. The locally resolved map, Fig. 1(e), taken at
V ¼ −24 mV, visualizes areas of increased DOS of about
3–4 nm in extent (this size does not depend on V). The
conductivity curves, Fig. 1(f), reveal a clearly resolved peak
at around V ¼ −24 mV within these areas, while no
inhomogeneities are found (i.e., the dIðV; r⃗Þ=dV curves
match up nicely) for V ≲ −200 mV and V ≳ 0 mV. We
interpret this as the localization of charge carriers due to
the formation of polarons. Note that in the manganites
such polarons of very similar size have been visualized by
STM, see, e.g., [23].
After having established nanoscale inhomogeneities in

the local DOS, we provide evidence for the existence of
magnetic clusters also in finite magnetic fields. To that
end, micro-Hall magnetometry is employed, which allows
for the local detection of the magnetic stray field emanating
from a sample on top of an ultra-sensitive Hall sensor
composed of five adjacent Hall crosses of size 10 μm×
10 μm. A rectangular-shaped thin slab of EuB6 with
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FIG. 1. (a) Topography of EuB6 over an area of 10 nm × 10 nm (V ¼ −0.2 V, Isp ¼ 0.5 nA). Inset: cubic crystal structure of EuB6.
(b) Height scans along the lines marked in (a). (c),(e) Maps of local conductance gðVÞ ¼ dIðV; r⃗Þ=dV at V ¼ −24 mV over an area of
20 nm × 20 nm obtained at 5.6 K (c) and 20 K (e). At 5.6 K, the EuB6 surface is nearly homogeneously conducting, while at 20 K local
inhomogeneities are clearly visible. (d),(f) dIðVÞ=dV-spectra averaged within areas marked in (c) and (e), respectively, by rectangles of
corresponding colors. In (d), a curve averaged over the total area is also included. The local inhomogeneities are most pronounced at
V ¼ −24 mV, dashed lines in (d) and (f).
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dimensions 457 μm × 91 μm× ∼15 μm and smooth sur-
faces was chosen to minimize inhomogeneities of the
sample magnetization due to demagnetization effects,
see SI [21], which includes Refs. [24,25]. The measured
Hall voltage VH is, in first approximation, given by
VH ¼ ð1=neÞ × I × hBzi, where I denotes the current
through the Hall sensor, n its carrier concentration, and
hBzi the sample’s magnetic stray field component
perpendicular to the sensor plane averaged over the active
area of the Hall cross. The sensor plane is aligned parallel to
the external field.
The EuB6 sample was positioned on top of the Hall

crosses in a way that two extreme cases are realized
simultaneously and allow for comparison: cross A is
located right underneath one end of the sample, while
cross B is entirely covered as depicted schematically in the
inset of Fig. 2(a). Cross A is penetrated by the total stray
field emanating from magnetic surface charges at the
sample’s face and therefore is proportional to its total
magnetization. This is confirmed by an excellent scaling of
the measured Hall voltage at various different external
magnetic fields to the magnetization measurements using a
commercial SQUID magnetometer reported in [18].
Selected stray field measurements at the position of cross
A are presented in Fig. 2(a). At high enough fields,
demagnetization effects which would result in pronounced
inhomogeneous magnetic states can be neglected. Hence,
hBzi is a measure of the sample’s magnetizationM, and we
fit the hBzi vs T curves taken at cross A with the following
classical mean-field expression [26,27]:

M
Ms

¼ LðαÞ≡ cothðαÞ − 1

α
; ð1Þ

with

α ¼ μBext

kBT
þ 3

TC

T
M
Ms

: ð2Þ

In this model, instead of using the Brillouin function with
fixed magnetic moment, the Langevin description allows
for considering magnetic clusters [26], in our case related to
the formation of MP. The three free parameters of the fits
are (i) the mean-field saturation momentMs, corresponding
to the saturation stray field hBzisat, (ii) the ferromagnetic
mean-field Curie temperature TC, for which in our case
TC ¼ Tc2 , and (iii) the mean-field magnetic moment μ (in
units of μB) associated with the individual magnetic clusters
whose internal degrees of freedom are considered frozen.
The fits based on the simple model of Eqs. (1) and (2)
shown as dashed lines in Fig. 2(a) reproduce the measured
data very well for Bext ≥ 75 mT. As a consistency check,
we show in Fig. 2(c) that the transition temperatures TC
obtained from the model agree with Tc2 . Although the
hBziðTÞ curves are well described individually, we find that

the fitting parameters hBzisat and μ are strongly field
dependent. Such a behavior has also been observed for
thin-film samples of manganites and was interpreted as
suggestive of magnetic nanoclusters, the total magnetic
moment of which is strongly field dependent [27]. The
observed field dependence of the saturation moment
Ms ∝ hBzisat, see Fig. 2(b), suggests that for larger mag-
netic fields, the ferromagnetic ordering of EuB6 is stronger.
The fitting parameter TC, however, roughly stays constant,
in contrast to the findings for manganite thin films, where
it strongly increases [27]. The effective cluster moment

FIG. 2. (a) Temperature-dependent magnetic stray field hBzi vs
T (solid lines) detected at cross A (see schematics in the inset) in
external magnetic fields Bext ≥ 10 mT. Dashed lines are three-
parameter fits of a mean-field magnetization model, Eqs. (1)
and (2), as described in the text. Fit parameters (b) saturation stray
field hBzisat ∝ Ms and cluster size μ=μB, and (c) transition
temperature TC in dependence on Bext compared to Tc2 as
determined from the peak in the derivative of the hBziðTÞ curves
shown in (a).
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reaches μ ∼ 11μB at 2 T exhibiting a tendency toward
saturation; i.e., the system becomes more homogeneous
and approaches the expected value of ∼8μB of the indi-
vidual Eu2þ spins of one unit cell. The larger values of μ for
lower fields suggests the existence of larger magnetic
clusters resulting in a transition in MðTÞ that is substan-
tially broader than expected from simple mean-field theory
in small fields. At Bext ¼ 75 mT, the lowest field where the
influence of the transition at Tc1 as well as demagnetization
effects can safely be neglected, the fit yields μ ≈ 30 μB
corresponding to roughly four times the value of the
magnetic moment of one unit cell [28]. We suggest that
the magnetic clusters, which lead to a substantially broad-
ened magnetization behavior in finite magnetic fields, are
the same objects, namely, the magnetic polarons, that are
observed in STM in zero field.
Finally, we discuss marked differences of the total and

local stray fields detected at crosses A and B, respectively,
near the percolative transition at Tc1 , in particular, at
smaller externally applied magnetic fields. In comparison
to cross A, the perpendicular component of the magnetic
stray field detected underneath the sample (e.g., at cross B),
in the case of the magnetization lying along the long axis
of the specimen, is expected to be much smaller (or even
zero). Yet, these crosses are sensitive to perpendicular stray
field components below the sample caused by inhomoge-
neities of the sample’s magnetization, which may allow the
detection of local effects stemming from percolated mag-
netic clusters. The contour plots Figs. 3(a) and 3(b)
compare the temperature-dependent magnetic stray field
measurements for the crosses A and B, respectively.
Clearly, for cross B, we observe a pronounced additional

stray field contribution. The difference between the
detected stray fields at crosses A and B becomes obvious
upon considering curves hBziðBext; T ¼ constÞ, see red
lines in the contour plots. The total stray field caused by
the sample’s volume magnetization (cross A) shows the
expected linear behavior in the paramagnetic regime at
elevated temperatures that changes towards S-shaped
curves, indicating the onset of ferromagnetic ordering
when cooling through Tc1 . In contrast, at cross B a strong
perpendicular stray field component gives rise to a pro-
nounced sharp peak at small external fields, which sets in
below Tc1, as shown in Figs. 3(c) and 3(d), indicating a
peculiar spatial distribution of the local magnetic induction
(for the magnetic field dependence of Tc1 , see the SM [21],
which includes Ref. [29]). Two possible explanations are
obvious. It is conceivable that this strong perpendicular
component of the stray field below the sample is caused by
the formation of a conventional magnetic domain structure.
However, considering that EuB6 is a rather soft magnetic
material and that the bulk magnetic order sets in below Tc2
[11] and not Tc1 , we suggest as an alternative explanation
that the observed behavior is caused by magnetic phase
separation due to the percolation of MP in small external
fields where a large connected (or “infinite”) cluster of
linked MP forms below Tc1. This in turn corresponds to
pronounced ferromagnetic inhomogeneities. Because of the
overlap of MP, a considerable part of ∼15% of the Eu2þ
spins become magnetically ordered already at Tc1 [11,15]
and aligned in the preferred direction given by the
percolation path, which forms an “intrinsic” anisotropy,
determined by the free-energy landscape of the sample.
This is essentially equivalent to a stable magnetic domain
giving rise to the strong peak in hBziðBextÞ. It is reasonable
to assume that for increasing external fields the magnetic
moments of the cluster network become increasingly
aligned with the field direction and merge with the
surrounding remaining paramagnetic spins. This increasing
homogeneity and directional change naturally explains the
observed suppression of the local stray field as the sample
magnetization approaches saturation, see Fig. 3(c), whereas
it is noteworthy that the inhomogeneities causing the
observed peak in hBziðBextÞ still persist in the ferromag-
netic phase below Tc2.
In summary, we were able to visualize nanoscale clusters

in the electronic density of states in STM/STS measure-
ments in a zero magnetic field and at a temperature above
the ferromagnetic transition, which are absent deep in the
magnetically ordered phase. In small magnetic fields, the
local magnetic stray field detected below the magnetized
sample signifies the existence of large magnetic clusters
that can be interpreted in terms magnetic phase separation
and the percolation of magnetic polarons. In higher
magnetic fields, the total magnetic stray field emanating
from the sample end shows a significant field-dependent
broadening of the bulk ferromagnetic transition. A classical

FIG. 3. (a),(b) Total and local magnetic stray fields detected
at crosses A and B, respectively, as contour plots hBziðT; BÞ.
Red lines are selected curves hBziðBext; T ¼ constÞ. (c) Field-
sweep data of cross B in a wider field range at various constant
temperatures. (d) Enlarged diagram of selected temperatures
showing the occurrence of the characteristic peak below Tc1.
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mean-field analysis in the more homogenous magnetization
state in large fields indicates a cluster size of the order of a
few unit cells.
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