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We present a detailed investigation of the temperature and depth dependence of the magnetic properties

of the three-dimensional topological Kondo insulator SmB6, in particular, near its surface. We find that local

magnetic field fluctuations detected in the bulk are suppressed rapidly with decreasing depths, disappearing

almost completely at the surface. We attribute the magnetic excitations to spin excitons in bulk SmB6, which

produce local magnetic fields of about ∼1.8 mT fluctuating on a time scale of ∼60 ns. We find that the excitonic

fluctuations are suppressed when approaching the surface on a length scale of ∼40–90 nm, accompanied by a

small enhancement in static magnetic fields. We associate this length scale to the size of the excitonic state.

DOI: 10.1103/PhysRevB.95.020410

Introduction. Topological insulators (TIs) are a class of
quantum materials that are characterized by a fully insulating
gap in the bulk and robust metallic topological surface states. It
was suggested that these are promising materials for electronic
spin manipulation [1]. Theoretical studies predicted that the
prototypical Kondo insulator SmB6 belongs to this new
class of materials [2–5]. This was later supported by trans-
port [6–9] and angle-resolved photoemission spectroscopy
(ARPES) [10–12] measurements. Xu et al. have also revealed
that the surface states of SmB6 are spin polarized [13], where
the spin is locked to the crystal momentum, respecting time
reversal and crystal symmetries. At high temperatures, Kondo
insulators behave as highly correlated metals, while at low
temperatures they are insulators due to the formation of an
energy gap at the Fermi level [14–16]. The opening of a gap at
low temperatures is attributed to the hybridization between the
localized f electrons and the conduction d electrons. In SmB6,
the resistivity increases exponentially as the temperature is
decreased, as expected for a normal insulator. However, as the
temperature is decreased below ∼4 K, the resistivity saturates
at a finite value (a few � cm) [17,18]. This behavior was
attributed to extended states [19], whose nature was revealed
recently by transport experiments, identifying them with
metallic surface states [6–9] and supporting predictions of the
nontrivial topological nature of SmB6. ARPES measurements
reveal a Kondo gap of ∼20 meV in the bulk and identify
the low-lying bulk in-gap states close to the Fermi level
[10–12,20,21]. These in-gap states have been associated with
magnetic excitations [15,20,22] and found to disappear as
the temperature is raised above ∼20–30 K [11,22]. Other
ARPES results suggest that the transition is very broad and
that the in-gap states disappear completely at a much higher
temperature [10], or that they gradually transform from a
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two-dimensional (2D) to a three-dimensional (3D) nature with
increasing temperature [23,24].

The magnetic properties of bulk SmB6 have been exten-
sively studied using magnetization measurements [17], inelas-
tic neutron scattering [22,25–27], nuclear magnetic resonance
(NMR) [28–31], and muon spin relaxation (μSR) [32]. These
measurements detected magnetic excitations at energies below
the bulk gap. However, magnetic ordering in the bulk of SmB6

was ruled out by magnetization [17] and μSR measurements
down to ∼20 mK [32] (except under high pressure [33]).
In contrast, low-temperature magnetotransport measurements
indicate magnetic ordering at the surface of SmB6 below
∼600 mK, which was attributed to ferromagnetic [34] or
possibly glassy [35] ordering. This ordering is claimed
to involve Sm3+ magnetic moments which were detected
using x-ray absorption spectroscopy (XAS) at the surface of
SmB6 [36].

Although various theoretical [2–5] and experimental
[6–13] studies have now established compelling evidence that
SmB6 is a topological Kondo insulator, a number of open
questions remain unanswered. In particular, the source of
the magnetic excitations mentioned above is still unclear.
It was suggested that an excitonic state is responsible for
these fluctuations [15,26,27,37,38]. In this context, it is also
important to understand the interplay between these magnetic
excitations and the topological surface states in order to
elucidate the source of the reported magnetic ordering at
the surface of SmB6 [34,35]. In this Rapid Communication,
we address these important aspects using depth-resolved
low-energy μSR (LE-μSR) measurements on single-crystal
samples of SmB6. We detect a clear signature of fluctuating
local magnetic fields appearing below ∼15 K, similar to our
previous bulk measurements [32]. The typical size of the
fluctuating field in the bulk is ∼1.8 mT with a correlation
time of ∼60 ns. Moreover, we find that the magnitude and/or
fluctuation time of these magnetic fields decreases gradually
near the surface, over a length scale of ∼40–90 nm, possibly
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disappearing completely at the surface of SmB6. We propose
that excitonic states are responsible for these fluctuating
magnetic fields. In contrast, we detect an enhancement of
static magnetic fields near the surface, which may be attributed
to an increasing number of Sm3+ moments at the surface of
SmB6 [36].

Experimental details. μSR measurements were performed
using the LEM [39,40] and DOLLY spectrometers at PSI,
Switzerland. In these measurements, 100% spin polarized
positive muons are implanted into the sample. The evolution
of the spin polarization, which depends on the local magnetic
fields, is monitored via the anisotropic beta decay positron,
which is emitted preferentially in the direction of the muon’s
spin at the time of decay. Using appropriately positioned
detectors, one can measure the asymmetry A(t) of the
beta decay along the initial polarization direction. A(t) is
proportional to the time evolution of the spin polarization of
the ensemble of implanted spin probes [41]. Conventional μSR
experiments use surface muons with an implantation energy
of 4.1 MeV, resulting in a stopping range in typical density
solids from 0.1 to ∼1 mm. Thus limiting their application
to studies of bulk properties, i.e., they cannot provide depth-
resolved information or study extremely thin film samples.
Depth-resolved μSR measurements can be performed at the
LEM spectrometer using muons with tunable energies in the
∼1–30 keV range, corresponding to implantation depths of
∼10–200 nm. All the μSR data reported here were analyzed
using the MUSRFIT package [42].

The studied single crystals of SmB6 samples were grown
using the floating-zone method [43]. LE-μSR measurements
were performed on a mosaic of six disk-shaped single crystals,
aligned with their [100] axis normal to the surface, and
glued on a silver backing plate. The bulk μSR measure-
ments reported here were performed on one of these single
crystals.

Results. Figure 1(a) shows typical zero-field (ZF) μSR
asymmetries, measured at two different temperatures, above
and below the “critical” temperature ∼15 K, i.e., where strong
local magnetic field fluctuations appear in bulk SmB6 [32].
These are compared in Figs. 1(b)–1(d) to LE-μSR measure-
ments at the same temperatures and three different muon
implantation energies E. The corresponding muon stopping
profiles in SmB6 for the different energies, which were calcu-
lated using a Monte Carlo program TRIM.SP [44], are shown in
Fig. 2. At ∼20 K we observe a Gaussian-like muon spin
damping for all four different energies. This type of damping
is attributed to randomly oriented static magnetic fields [41],
which reflect the Gaussian field distribution typically produced
by dipolar fields from nuclear moments (static on the time scale
of μSR). A clear change in the shape of the asymmetry is
detected upon cooling (from Gaussian to Lorentzian), which
indicates the appearance of additional dilute local magnetic
fields and a change in the internal field distribution [45].
Since the dipolar fields from nuclear moments do not change
with temperature, we argue that the appearance of additional
dilute local magnetic fields is most probably due to electronic
magnetic moments in SmB6 which are dynamic in nature
within the μSR time scale [32]. Most importantly, however, we
find that the difference between the low- and high-temperature
asymmetries becomes less pronounced with decreasing E,

FIG. 1. ZF-μSR spectra obtained at different temperatures and

implantation energies. The solid lines are fits to Eq. (1).

i.e., as we approach the surface of the SmB6. As we discuss
below, this indicates that the size and/or fluctuation time of
the observed magnetic fields at low temperatures decreases
gradually with decreasing depth.

FIG. 2. Muon implantation profiles in SmB6, calculated using

TRIM.SP for various implantation energies.
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FIG. 3. Temperature dependence of the dynamic muon spin

relaxation rate λ for different muon implantation energies. The solid

lines are guides to the eye.

We turn now to a quantitative analysis of our μSR data.
Following the same analysis procedure used previously for the
bulk measurements [32], all ZF spectra can be fitted well using
a Gaussian Kubo-Toyabe relaxation function multiplied by a
stretched exponential decay function,

A(t) = A0

{

1
3

+
2
3
(1 − σ 2t2)e−

σ2 t2

2

}

e−(λt)β
+ Abg, (1)

where A0 is the initial asymmetry, β is the stretch parameter,
and Abg is a nonrelaxing background contribution. σ is
the width of static field distribution, e.g., due to nuclear
moments, while λ is the muon spin relaxation rate due to
the presence of dynamic local fields. Note, Abg = 0 in the
bulk μSR measurements, but it is nonzero in the LE-μSR
measurements due to muons missing the sample and landing
in the silver backing plate. For consistency with the bulk-
μSR data analysis [32], we maintain A0, σ , and Abg as
globally common variables for all temperatures at a particular
muon implantation energy. Similarly, we also keep the value
obtained from bulk measurements, β = 0.72(1), fixed for all
temperatures and implantation energies. Figure 3 shows the
obtained λ values from the fit as a function of temperature for
each implantation energy/depth. We observe a large increase in
λ below ∼15 K in the bulk-μSR data with a pronounced peak
at ∼4.5 K which we attribute to a gradual slowing down in the
dynamics of the local magnetic fields at low temperatures [32].
As expected from our qualitative discussion above, we observe
a similar increase in λ below ∼15 K for all other implantation
energies, though it becomes less pronounced as we approach
the surface. Although a gradual slowing down is observed
for all implantation energies, our results clearly show that
the nature of magnetic fluctuations strongly depends on
depth. In Fig. 4 we plot λ at ∼4.5 K and σ as a function
of the muon implantation depth in SmB6. The relaxation
rate λ decreases rapidly with decreasing depth and may be
extrapolated to λ → 0 at the surface of SmB6 (dashed line).
This is accompanied by an increase in σ with decreasing depth.
The value of σ in the bulk is consistent with what we expect
from (predominantly boron) nuclear magnetic moments in this
system [32]. Therefore, the observed increase near the surface
must be due to additional sources of relatively small and static

FIG. 4. The relaxation rates λ at ∼4.5 K (red, left axis) and σ

(blue, right axis) as a function of muon implantation depth in SmB6.

The dashed lines are guides to the eye and the dotted vertical lines

indicate the different E values.

magnetic fields. This may be due to an increased concentration
of Sm3+ moments near the surface of SmB6 which was
observed in XAS measurements [36]. The increase in σ may
hint to a possible magnetic ordering at the surface of SmB6,
such as that reported below ∼600 mK [34,35]. However, this
cannot be fully confirmed since it is not possible to reach the
required low temperatures in LE-μSR measurements.

Note that λ reflects the spin lattice relaxation rate of the
muon spin in ZF, which is proportional to �B2τ , where �B is
the size of the fluctuating local field sensed by the implanted
muons and τ is its correlation time. Therefore, the observed
decrease in λ at lower implantation energies may be attributed
to a decrease in �B and/or τ as we approach the surface
of SmB6. To evaluate the size of �B and τ we measure the
asymmetry as a function of longitudinal magnetic field, i.e.,
applied along the direction of initial muon spin polarization.
The field dependence of λ follows [45–47],

λ =
2τ (γ�B)2

1 + (τγB0)2
, (2)

where γ = 2π × 135.5 MHz/T is the gyromagnetic ratio
of the muon and B0 is the applied magnetic field. The
experimental results, which were measured in the bulk of
SmB6 at 1.8 K, fit well to Eq. (2) (see Fig. 5), giving
�B = 1.8(2) mT and τ = 60(10) ns [48]. Here, we as-
sume that we are in the fast fluctuations limit, τγ�B ≪

1, which is consistent with the values obtained from the
fit.

Discussion. We now discuss our data assuming bulk exci-
tons as a source for the observed magnetic fluctuations. The
excitons are believed to be of an antiferromagnetic nature with
a wavelength of the order of a few lattice constants [15,27].
The observed decay length of magnetic fluctuations near
the surface (40–90 nm) should then be interpreted as the
coherence length or “size” of the excitons. This size is much
larger than the ordering wavelength so that the exciton can
be thought of as a fluctuating region with antiferromagnetic
correlations.
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FIG. 5. The relaxation rate λ at 1.8 K as a function of applied

field [32]. The solid line is the fit described in the text.

The measured value �B ∼ 1.8 mT for the width of the
distribution of magnetic fields can be used to estimate the
magnitude of the fluctuating magnetic moments. We assume
that the muons stop at a random position inside the cubic unit
cell of SmB6 with a lattice constant of 4.13 Å. Calculating the
distribution of magnetic fields due to the antiferromagnetic
correlations in the region of the exciton yields an average
value of ∼0.01μB for the magnetic moments, where μB is the
Bohr magneton.

In addition, we can use a simple hydrogen model for the
exciton, describing it as a bound state of an electron and
a hole, in order to relate the size to the reduced mass μex

of the electron-hole pair via d = a0ǫrme/μex. Here, a0 is

the Bohr radius and ǫr is the dielectric constant of SmB6,
which is estimated between ǫr ∼ 600 [49] and 1500 [50]. Our
measurements then imply a reduced mass of the order of the
bare electron mass me, suggesting that either electrons, holes,
or both are relatively light compared to reported values for
the effective mass in SmB6 of m∗

∼ 100me [49]. Note that
within this model, the observed decrease in λ near the surface
is primarily due to the absence of exitonic states and associated
magnetic fields in this region.

Conclusions. In conclusion, we observe fluctuating mag-
netic fields appearing only below ∼15 K in the bulk of
SmB6. Using LE-μSR measurements, we find that these
fields are rapidly suppressed with decreasing depth and
probably disappear completely at the surface. We attribute
these fluctuating fields to excitonic states, whose extent is
limited to the bulk of SmB6 and disappears within ∼ 60 nm of
its surface. An estimate of ∼0.01μB for the average magnitude
of magnetic moments is obtained from the distribution of
fluctuating magnetic fields. We also observe a slight increase in
the distribution width of static magnetic fields near the surface
of SmB6, hinting at the appearance of additional magnetic
moments in this region. Our results reveal a complex magnetic
behavior near the surface of the 3D topological Kondo
insulator SmB6. We expect that the magnetic nature of the near
surface region of SmB6 may have significant implications on
the topological surface states at very low temperatures.
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