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The interplay between nontrivial topological states of matter and strong electronic correlations is one of
the most compelling open questions in condensed matter physics. Due to experimental challenges, there is an
increasing desire to find more microscopic techniques to complement the results of more traditional experiments.
In this work, we locally explore the Kondo insulator Sm1−xGdxB6 by means of electron spin resonance (ESR) of
Gd3+ ions at low temperatures. Our analysis reveals that the Gd3+ ESR line shape shows an anomalous evolution
as a function of temperature, wherein for highly dilute samples (x ≈ 0.0002) the Gd3+ ESR line shape changes
from a localized ESR local moment character to a diffusive-like character. Upon manipulating the sample surface
with a focused ion beam we demonstrate, in combination with electrical resistivity measurements, that the
localized character of the Gd3+ ESR line shape is recovered by increasing the penetration of the microwave
in the sample. This provides compelling evidence for the contribution of surface or near-surface excitations to
the relaxation mechanism in the Gd3+ spin dynamics. Our work brings new insights into the importance of
nontrivial surface excitations in ESR, opening new routes to be explored both theoretically and experimentally.
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I. INTRODUCTION

The concept of topology in condensed matter physics
emerged from breakthroughs in the quantum Hall effect [1];
however, more recently such a concept was generalized to
other states of matter, such as topological insulators [2], Dirac
and Weyl semimetals [3–5], and other exotic phenomena
[6,7]. The gapless spin-polarized surface states of topological
insulators were the first of these new states of matter to be
explored, both theoretically and experimentally [2]. One of
the most pressing questions that remains open is the role of
topological states of matter in systems where electronic corre-
lations are important, which are known as strongly correlated
systems [8–12].

The prototypical material to study this interplay is the
Kondo insulator SmB6 [9,13,14]. Although extensively stud-
ied over the last 40 years, the prediction of a topological
insulating ground state in this compound brought back in-
terest in this system [15–22]. With a simple cubic structure
(space group Pm3m), SmB6 has all the properties required
of a cubic topological Kondo insulator (TKI), such as the
�8 quartet crystal field ground state and an odd number of
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band inversion at the X point in the Brillouin zone [14,17,23].
The hybridization between the d conduction electrons and
the Sm-4 f electrons opens a gap at the Fermi energy, and
the system becomes a good insulator at low temperatures
[24,25]. In consequence, the bulk carriers contribute less to
the transport upon lowering the temperature and a plateau is
observed in resistivity at low temperatures, which is related
to surface states dominating the conductivity [15,25–28]. An
additional energy scale inside of the hybridization gap in scan-
ning tunneling spectroscopy has been linked to these surface
states [29–31].

Although the surface states are well established, there is
still debate about their topological nature. Although recent
quasiparticle interference and angle-resolved photoemission
spectroscopic results demonstrated compelling evidence of
nontrivial topology [14,18,20,21,31,32], other reports argued
that a trivial surface state is at play [33,34]. Recent results
showed that the Kondo insulating state was very sensitive to
disorder [35–39], which indicated that the observed differ-
ence may be accounted for by subtleties in growth conditions
[13,40–45]. Although natural impurities, such as Gd3+, lo-
cally affect the hybridization gap, highly dilute concentrations
do not globally affect the Kondo insulating phase [39,46].
In particular, Sm1−xGdxB6 samples with x = 0.0002 exhibit
insulating behavior at low temperatures [47]. In this scenario,
the use of a spectroscopic technique to complement the recent
experimental results is highly desirable. Although electron
spin resonance (ESR) is a bulk sensitive measurement, the
microwave penetration into the sample can be affected by both
surface and bulk conductivity. Furthermore, the resonance
energy absorbed by the probe spin may ultimately relax
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FIG. 1. (a) Pictorial representation of a local moment ESR of a S = 1/2 probe, where δ is the skin depth, D the thickness of the sample, TD

the diffusion time, and T2 the spin-spin relaxation time. ↑ represents the |↑〉 ground state and ↓ the |↓〉 excited state. The orange vector H shows
the externally applied magnetic field direction. δ/D � 1 is an insulator (symmetric “local”line shape) and δ/D � 1 is a metal-“local”line
shape with “skin asymmetry.”(b) Pictorial semiclassical representation of the interplay between the coherence loss of the spin system (T2) and
the diffusion of the spin system (TD, which is connected with the mean free path �) for a sample showing a CESR. The line shape represents
the CESR case when TD ∼ T2 (line shape with “diffusive asymmetry”). The dotted line in the left panel illustrates the spatial shift of the
carrier. For simplicity we do not present the concomitant spin-lattice relaxation of the spin system. The ESR spectra in (a) and (b) are plotted
as the power absorption derivative (dP/dH ) as a function of the magnetic field H and were adapted from [51–53] for the insulator, metal, and
conduction-electron cases, respectively.

through the surface to the thermal bath, which makes ESR
also surface sensitive [48–50].

The relation between ESR properties and sample conduc-
tivity has been investigated for the case in which diffusion of
spin excitations becomes relevant [54]. Dyson demonstrated
early on [55] that the line shape can basically be influenced by
two effects: the skin effect, through the ratio of the skin depth
δ to the sample thickness D, and the diffusion of the resonating
magnetic moments, through the ratio between diffusion time
TD and the spin-spin relaxation time T2. On one hand, the
former is a result of the interplay of the microwave field and
the carriers, where shielding currents drive electromagnetic
fields out of phase [51,54,56,57]. On the other hand, the latter
is a measure of the coherence loss of the resonating spins
[54,56,57].

The case for a local moment ESR is pictorially represented
in Fig. 1(a) for a simple S = 1/2 system. An external mag-
netic field splits the degenerated spin state into a spin-up
ground state |↑〉 and a spin-down excited state |↓〉. Microwave
energy matching this energy splitting can be absorbed [pro-
cess (1)] and emitted [process (2)]. A net absorption, and
therefore an observable ESR signal, is possible when the
spin system relaxes energy from |↓〉 to the thermal bath.
Here, two different and simultaneous relaxation mechanisms
are involved: the already mentioned spin-spin relaxation and
the spin-lattice relaxation, which is connected to the energy

transfer through phonons to the thermal bath with a character-
istic timescale T1 [58–60].

The skin effect and the diffusion of spin excitations lead
to distortions of the line shape, which can be measured by the
amplitude ratio A/B as shown in Fig. 1—the ESR spectra were
adapted from [51–53]. In the almost completely stationary
regime of local moment ESR, i.e., T2 � TD, the symmetry
of the line shape is only defined by the ratio λ = δ/D [48].
As shown in the center panel of Fig. 1(a) for insulators, where
λ � 1, one obtains a symmetric Lorentzian line shape with
A/B = 1. In metals, where λ � 1, the skin depth effect will
be more relevant and a so-called Dysonian line shape occurs,
which has a “skin asymmetry” and an upper limit A/B ≈ 2.7
[48,54]. The differences between insulators and metals are
further manifested in the relaxation of the system, which can
be explored by measuring the saturation of the ESR intensity
as a function of the microwave power, where insulators sat-
urate at much lower microwave powers when compared with
conductors [56].

Figure 1(b) depicts in a semiclassical way the case for a
conduction-electron spin resonance (CESR), where TD can be
comparable in some cases to T2. The interplay between the
coherence loss and the diffusion of the spin system plays an
important role on the ESR line shape. While the coherence
loss, as governed by T2, macroscopically results in the loss of
the transverse magnetization, the diffusion, characterized by
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TD, is connected with the mean free path �. A line shape with
a “diffusive asymmetry” is obtained for TD ∼ T2, resulting
in A/B � 2.7 and an additional C valley in the shape, as de-
fined in Fig. 1(b). If TD ∼ T2, the spin probe has a significant
probability of a considerable spatial shift before the coherence
between the probe spins is lost. Therefore, there is a diffusion
of the spin excitations within the layer induced by the skin
effect, which results in a diffusive line shape, shown in the
right panel of Fig. 1(b). The spin-lattice relaxation, which
macroscopically results in the recovery of the longitudinal
magnetization, is not represented in Fig. 1(b) for simplicity.
In systems with a mean free path greater than the skin depth,
i.e., �/δ � 1 (anomalous skin effect), the ratio C/B can be
larger than 1 [61].

Recently, highly unusual ESR line shapes were reported
for the half-Heusler compounds YPtBi and YPdBi substi-
tuted with Nd3+ [49,62]. The Nd3+ ESR line shape showed
a diffusive asymmetry although the Nd3+ spins are localized.
This diffusive asymmetry was discussed to be an experimental
signature of nontrivial topological states. It was related to a
relaxation mechanism through Dirac excitations in or near
the surface by virtue of a so-called phonon-bottleneck effect,
which results in an enhanced spin-lattice relaxation time T1

[58–60,63]. In this case, the absorbed energy would diffuse
through the surface before relaxing to the thermal bath.

In this work, we report the observation of a diffusive
asymmetry in the Gd3+ ESR line shape of highly dilute Gd3+-
substituted SmB6. Combining microwave power-dependent
ESR, focused ion beam (FIB) for cutting trenches on the
sample surface, and complementary resistivity measurements,
we provide evidence for surface excitations contributing to
the ESR relaxation. The FIB treatment of the sample surface
results in an increase of the skin depth, i.e., the microwave
penetration and the recovery of a local ESR line shape [49].
Our temperature and FIB dependencies of the diffusive-like
line shape and the Gd3+ ESR spin relaxation provides strong
evidence that surface and near-surface excitations, in the pres-
ence of a phonon bottleneck regime, are crucial ingredients
to obtain such an unusual effect in an ESR experiment. As
this system has been claimed to have metallic surface states
[14,18,21,31,32], these surface excitations are likely to be
electronic.

II. METHODS

Single crystalline samples of Sm1−xGdxB6 (x = 0.0004
and 0.0002) were synthesized by the Al-flux growth tech-
nique with starting elements Sm:Gd:B:Al in the proportion of
(1 − x):x:6:600 [13,44,64]. The samples ranged in size from
∼0.7 to 1.4 mm width, 300- to 900-μm length and 120- to
500-μm thickness. Laue measurements confirmed the (001)
planes of the largest facets. The x used in the text refers to the
nominal Gd3+-concentration value. The magnetic properties
of x = 0.0002 samples were obtained using a vibrating sam-
ple magnetometer equipped with a superconducting quantum
interference device (SQUID-VSM). Electrical resistivity was
measured using a four-point technique with van der Pauw
geometry.

The crystals were etched before the first ESR measurement
in a dilute mixture of hydrochloric and nitric acids in a propor-

tion of 3:1 to remove possible impurities on the surface of the
crystals due to Al flux. We did not polish any of the crystals
in this study. For x = 0.0002 we show the results of two
different crystals (S1 and S2). The ESR measurements were
performed on single crystals in an X -band (ν ∼= 9.4 GHz)
spectrometer equipped with a goniometer and a He-flow cryo-
stat in the temperature range of 2.6 K � T � 40 K at powers
of 0.2μW � P � 10 mW. The ESR spectra were analyzed
using the software SPEKTROLYST.

To investigate the dependence of the ESR line shape on the
surface properties, we employed a focused ion beam (FIB)
for surface treatment using a Xe ion beam with currents of
500 nA and acceleration voltage of 30 kV. It turned out that
this technique can change the surface conductivity in a sys-
tematic way, in contrast to just using a hand-made surface
scratch [47]. In each FIB treatment we cut linear trenches
of about 7–10 μm depth into the sample surface, resulting
in a grid of such trenches with ever-increasing density. In the
first two treatments we divided the sample in four equal parts
(F1 and F2). In subsequent runs we approximately doubled
the number of lines in each direction [47]. We investigated
the ESR after each new FIB cut. We also performed energy
dispersive x-ray spectroscopy in regions which were milled a
few μm into the bulk. It was possible to only detect the signals
of Sm, B, and O, with Gd being below the detection limit
(usually ∼1%) [47]. Interestingly, after milling no Al signal
could be detected, indicating that the Al content in the bulk,
if any, is below the detection limit, which differs from, e.g.,
UBe13 [65].

III. RESULTS

Figure 2(a) shows a fine-structure split Gd3+ ESR spec-
trum at T = 4 K for Sm1−xGdxB6 (x = 0.0004) with applied
magnetic field H parallel to the [100] direction. The
well-resolved fine-structure is characteristic of spin probes
immersed in the insulating sample bulk allowing the weak
crystalline electric field (CEF) of the Gd3+ ions to split the
line [54,57]. Gd3+ substitute Sm ions, which have a cubic
local symmetry. As such, a cubic CEF effect is expected for
Gd3+ ions. In fact, the red solid line is a simulation with seven
resonances considering a cubic CEF spin Hamiltonian with
a Gd3+ crystal field parameter b4 = −9.5(3) Oe [39]. Two
pairs of fine-structure transitions are close in energy, which
results in weak shoulders. To analyze our ESR line without the
fine-structure influence, we turned the sample by 30 degrees
away from the [001] towards the [110] direction until the
Gd3+ ESR spectrum is collapsed into one Gd3+ resonance
line [54,57] as shown in Fig. 2(b). The red solid line is the
best fit with a Lorentzian line shape, which is expected for an
insulator.

Figure 2(c) shows the Gd3+ ESR spectrum for x = 0.0002
at T = 3.6 K for H parallel to the [100] direction (sample
S1). Again we observe seven resonances, which reinforces
the notion that we are probing the bulk of SmB6. However,
we cannot reproduce our spectrum by using a local-type line
shape with skin asymmetry (“Dysonian”)—see the magenta
solid line. The difficulties in adjusting the data with a fine-split
Dysonian line shape becomes even clearer when we collapse
the spectrum into one line, as shown by the magenta solid line
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FIG. 2. Gd3+ ESR spectrum for H applied parallel to the [100]
direction and the Gd3+ collapsed spectrum for (a), (b) x = 0.0004
and (c), (d) x = 0.0002 in Sm1−xGdxB6. The red, magenta and
green solid lines are explained in the text. Two pairs of transitions
(±5/2 → ±3/2 and ±3/2 → ± 1/2) in (a) and (c) are close in
energy, which results in a weak shoulder in the left and right middle
lines. The orange dashed lines show the g-value = 1.919, which is
characteristic of Gd3+ ions highly diluted inside a SmB6 matrix [39].
Gd3+ ESR spectra for x = 0.0004 have been adapted from [39].

in Fig. 2(d). However, as demonstrated by the green lines, a
diffusive asymmetry in the line shape (C-valley > 0) of the
Gd3+ ESR describes the spectra very well. This is highly
unusual for a Gd3+ spin probe that is expected to be localized
in SmB6.

To quantify the development of this diffusive asymmetry,
we propose an analogy to a model of a CESR in the presence
of an anomalous skin effect [61]. In this model, the ESR spec-
trum, which is expressed by the power absorption derivative
(dP/dH) as a function of H , can be described as

dP

dH
∝ [1 − (X/R)2]

d

dx

(
1

1 + x2

)
+ (2X/R)

d

dx

(
x

1 + x2

)
,

(1)

where x = 2(H − Hr )/�H , with Hr as the resonance field and
�H as the line width [48]. The X/R parameter in this CESR
model is directly connected with the surface impedance,
where R is the surface resistance and X the surface reactance
[61,66]. For X/R = 0 we have a symmetric Lorentzian line
shape (A/B = 1), whereas X/R = √

2 − 1 corresponds to a
Dysonian line shape (A/B ≈ 2.7). Finally, X/R � 1 occurs
when the anomalous skin effects play a role (C/B � 1)
[61].

The green solid line in Fig. 2(c) is a simulation assuming
the same parameters for the g-values and b4 from the red solid
line in Fig. 2(a) and using X/R = 1.6. For the Gd3+ collapsed
spectrum, shown in Fig. 2(d), we exclude the influence of
the crystal field, therefore we can fit our data using Eq. (1).
Again we maintained the same g-value and �H of the red
solid line and obtained a X/R ≈ 1.3. The simulation and the
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FIG. 3. Temperature dependence of Gd3+ ESR spectra and line
shape parameter X/R in Sm1−xGdxB6. All the Gd3+ ESR spectra
were taken with a microwave power smaller than the saturation of
the system. Left panel: ESR spectra (black lines) for x = 0.0002
at various temperatures and spectra fits (red lines) by Eq. (1) with
X/R parameters as indicated. Right panel: Temperature dependence
of X/R for x = 0.0002 and x = 0.0004. A localized character of the
line shape occurs below the brown dashed line which indicates a line
shape asymmetry of A/B ≈ 2.7. The red (orange) symbols show the
Vb = −6.5 meV (−5 meV) scanning tunneling spectroscopy peak
intensity obtained in a nonreconstructed (reconstructed) B- (Sm-)
terminated surface for SmB6 reported previously [29] ([31]). The
orange and red dashed lines are just guides to the eyes.

fit reproduce nicely the unusual spectra shape, which in case
of a CESR would indicate that spin diffusion is relevant in the
relaxation process. However, we recall that in Sm1−xGdxB6

ESR does not probe conduction electrons and, therefore, X/R
here is just a mathematical parameter. It is important to note
that in Fig. 2(c) a significant diffusive asymmetry is present in
each of the fine-split Gd3+ lines, confirming again their origin
from Gd3+ ions in the bulk of SmB6.

One possible explanation for the diffusive asymmetry
could rely on an electrodynamics effect leading to an uncon-
ventional mixing of absorption and dispersion parts of the
Lorentzian line shape in Eq. (1). Such an explanation could
be based on highly conductive surfaces on top of an insulating
bulk causing a large phase shift in the microwave response,
making the dispersion to dominate. However, such an inter-
pretation, which is not consistent with Dyson’s theory [48,55],
has not been observed experimentally and is not supported
by at least two other previous experimental observations. The
first, and most important, is the coexistence of localized and
diffusive ESR line shapes in half-Heusler systems [49,62,67].
Another important example is the local-moment ESR spectra
in superconductors, which have highly conducting surfaces
and do not show a diffusive-like character [68–72]. Instead,
as expected from Dyson’s theory, the maximum A/B ratio is
≈2.7 [48,54,55]. Both examples support the notion that in
Sm1−xGdxB6 the strong and peculiar asymmetry of the Gd3+
line shape does not arise from an electrodynamics effect of the
inhomogeneous conductivity cross section of the sample.

The right panel of Fig. 3 shows the temperature evolu-
tion of the collapsed Gd3+ ESR spectra diffusive parameter
X/R for Sm1−xGdxB6 with x = 0.0002 (sample S1) and

033016-4



SURFACE EXCITATIONS RELAXATION IN THE KONDO … PHYSICAL REVIEW RESEARCH 3, 033016 (2021)

x = 0.0004. A similar evolution has been found for each line
of the fine-split spectra at H‖[100] (Appendix D). At temper-
atures exceeding T ≈ 12 K, where the transport is dominated
by carriers in the bulk of the sample [24,29,39], both samples
show X/R ∼ 0.5, which indicates a localized-like behav-
ior of the Gd3+ ESR spectra, i.e., a line shape with a skin
asymmetry, A/B ≈ 2.7. For x = 0.0004, the expected devel-
opment towards a symmetric Lorentzian line shape (X/R ∼ 0)
is observed at low temperatures, which is typical due to the
insulating nature of the bulk. For x = 0.0002, at these temper-
atures, we should expect for X/R a similar value, or at most
X/R ∼ 0.5 if the sample size is larger compared to the skin
depth. However, for x = 0.0002 the X/R parameter strongly
increases below T ≈ 6 K. This evolution is also clearly visible
in the spectra as shown in the left panel of Fig. 3. The decrease
of the growing rate of the X/R parameter towards the lowest
temperatures should be taken with care due to the increase of
error bars for higher X/R values.

The X/R temperature evolution is reminiscent of a sig-
nature peak in scanning tunneling spectroscopy studies. For
comparison, the temperature dependencies of the intensity of
the Vb = −6.5 meV and −5 meV peaks are also included in
the right panel of Fig. 3 (red and orange data points) [29,31].
The peaks, measured in a nonreconstructed B-terminated
(−6.5 meV) and in a reconstructed Sm-terminated SmB6

surfaces (−5 meV), were correlated to the surface states in
pristine Al-flux grown samples [29,31]. As argued by Jiao
et al., the clear change of the T -dependence of the intensity
of the −6.5-meV peak relies on the formation of the metallic
surface states [29].

The correlation between the evolution of both peaks, from
differently terminated surfaces, and the evolution of a diffu-
sive asymmetry of the line shape hints to the relevance of the
surface states of SmB6 in the Gd3+ ESR line shape. In this
respect, we should expect a relaxation mechanism including
a coupling between the bulk Gd3+ impurities and the surface
states. Such a coupling should be mediated by a relaxation
through the phonons, which causes an enhancement of the
spin-lattice relaxation time T1 [49]. Therefore, it would be
helpful to tune the diffusive asymmetry of the Gd3+ ESR line
shape to construct an appropriate relaxation scenario. To this
end, we changed the surface properties using a focused ion
beam. A detailed resistivity study of the FIB effects can be
found in [47]. Another important tuning parameter is the Gd3+

concentration, which can be a source to understand the role of
disorder in the diffusive asymmetry of the line shape [39].

Figure 4(a) exemplifies one of the stages of the FIB cuts
in sample S2. As shown in Fig. 4(b), at T = 3.8 K, there is
a systematic change of the Gd3+ diffusive-like line shape as
a function of the FIB grid, which finally results in a Gd3+

localized-like (skin asymmetric) line shape after the final re-
moval (F11), in which no distinct trenches were cut but rather
an approximate 5-μm thick layer was FIB-sputtered from the
complete surface. We must notice that, as shown in Table I
in Appendix B, the g-value and the Gd3+ linewidth remain
unchanged within our experimental uncertainty as a function
of the FIB grid.

Figure 4(c) presents the temperature evolution of the X/R
parameter for T � 6.5 K and for selected FIB grids for

Sm1−xGdxB6 (x = 0.0002). At T � 5 K for the first few FIB
grids it was possible to observe X/R > 0.5, i.e., a diffusive
asymmetry of the line shape. With increasing FIB grid, X/R is
systematically reduced. As shown in Fig. 3, the scanning tun-
neling peaks associated with the surface states are still present
at these temperatures [29,31]. As such, we can expect that
surface states may still play a role at these temperatures. For
T � 5 K we can see a systematic drop of the X/R parameter
as a function of the FIB cutting. The evolution of the Gd3+

diffusive asymmetry is heavily suppressed as a function of the
FIB-cutting grid.

Figure 4(d) shows the Gd3+ ESR intensity as a function
of the FIB grid. This intensity is not only proportional to the
Gd3+ concentration but also to the interactive volume V int

which, in a first approximation, is given by V int = σδ, with
σ being the surface area of the crystal. We further assume
that the FIB cutting has a small effect on the total volume
of the sample, which can be included in the error bar. As
shown in Fig. 4(d), there is a systematic increase of the Gd3+

ESR intensity and, hence, the interactive volume as a function
of the FIB grid. In other words, the skin depth gets larger
as a function of increasing number of FIB-cut lines. At the
same time, the X/R development indicates an evolution from
a diffusive to a skin asymmetry of the line shape. This is
an important hint that surface effects should be considered
as an essential ingredient to the unusual diffusive asymmetry
of the line shape. The increase of the skin depth suggests a
FIB-induced depletion of the surface states, which effectively
increases the surface resistivity [47]. Such an increase may
be related to confinement of surface states or even disorder
[37,38,73]. Disorder may also affect, for example, the Sm
valence near the surface [74,75].

The presence of conducting surface states has been demon-
strated to be the origin of the resistivity plateau in SmB6

[16,22,26]. Therefore, as a matter of comparison, we also
measure the dc resistivity ρ of the same ESR-investigated
samples as a function of temperature for different FIB
cutting-grids as shown in Fig. 4(e) [47]. The value of the low-
temperature resistivity plateau continuously increases with
the grid of the FIB cuttings. Hence, in the low-temperature
regime, for a FIB-treated sample surface, the contribution
of the surface states to the overall conduction appears to be
suppressed. Accordingly, the skin depth as determined from
the resistivity should be affected as well. Using a two-layered
model, where we consider that the conducting carriers at the
surface are the main contributors to the resistivity at low tem-
peratures (more details in Appendix B) [26,27], we show that
there is a systematic increase of the skin depth and a decrease
of the mean free path � as a function of the density of FIB-cut
trenches (Table I in Appendix B). Therefore, the increase of
the skin depth estimated by dc resistivity and Gd3+ ESR inten-
sity [Fig. 4(d)] are consistent. However, when comparing skin
depth results from both methods one must bear in mind that
for ESR the local resistivity is the only relevant factor, while a
nonlocal (global) character prevails in resistivity. It is there-
fore more sensitive to extrinsic effects, such as subsurface
cracks, dislocations, and any residual flux [24,25,47,76,77]
while local ESR measurements are not strongly influenced by
these extrinsic effects.
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IV. DISCUSSION

So far our results have shown a compelling relation be-
tween the conducting sample surface, as clearly indicated
by the low-T resistivity and changes of the skin depth, and
the highly unusual Gd3+ ESR line shape in Sm1−xGdxB6. In
analogy to the case of CESR, the Gd3+ line shape could be
described by a parameter X/R defining a diffusive asymmetry.
However, the spin probes themselves are not diffusing but
their spin excitations do. To understand in more detail such
a relaxation mechanism, we should look into the relevance of
the surface effects in the spin-lattice relaxation T1.

In metals, the relaxation of the spin probe is reflected in the
linewidth, which is proportional to 1/T2 [54]. However, here
we have a low-T bulk insulator and therefore, any evolution of
the relaxation of the system should not necessarily be reflected
in T2, but in the spin-lattice relaxation T1. As such, from the
saturation behavior of the ESR intensity I as a function of
the microwave power we can indirectly estimate T1 (for more
details see [56] and Appendix C). Figure 4(f) displays T1 as
a function of the FIB grid. As a matter of comparison, an
estimated T1 for Sm1−xGdxB6 with x = 0.0004, for which the
line shape shows no diffusive asymmetry, is also presented.

The latter comparison reveals a distinct Gd-concentration
dependence of T1. The minute substitution of Sm by Gd results
in a local modification of the Kondo lattice of SmB6 and,
hence, in a local reduction of the hybridization gap [39,78].

This additional disorder gives rise to an extra relaxation chan-
nel and reduces T1 in an effectively similar way as in the
opening of a bottleneck process [54]. With T1 being too small
due to extra relaxation channels, the line shape is of a localized
type.

Looking now in Fig. 4(f) for x = 0.0002 at the FIB effects
on T1 and comparing them with the intensity (reflecting the
skin depth) shown in Fig. 4(d), we can see that the increase
of the skin depth is related to a decrease of the effective T1.
This finding may have two possible origins. The first one is
that the cuts at the surface introduce incoherent (disorder)
scattering, which diminishes the spin-lattice relaxation time
at the surface.

The other one is related with the importance of relaxations
due to the surface as such. Surface relaxations are important
whenever there exist strong spin-dependent forces, i.e., spin
polarization, during a collision of the spin excitation with
the surface [48]. Dyson treated this modification briefly and
showed that in the case of thin films or small particles, one ex-
pects a much more marked effect than in bulk materials [55].
In other words, the increase of the microwave penetration and
the decrease of the mean free path �, both FIB-induced effects,
make the surface relaxation less relevant, which would result
in a strongly reduced diffusive asymmetry of the line shape.

The analogies between the ESR line shape characters
of conduction electrons and Gd3+ in SmB6 are sensible
and, hence, constitute a valuable basis for constructing our
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FIG. 5. Schematic representation of the proposed relaxation
mechanism. 1/Tss represents a spin-spin relaxation rate, 1/Ts the
spin-phonons relaxation, 1/Tep the relaxation through an electron-
phonon coupling at the surface, and T pb

bulk the time scale of the
phonons decoherence from the bulk and T pb

surface the timescale of the
surface phonons decoherence.

relaxation mechanism which results in the Gd3+ diffusive-like
line shape. To this end, it is instructive to first recall how
a phonon bottleneck process could be responsible for the
coupling between local moments and the surface excitations
[49,63]. In a phonon bottleneck process, the phonons emitted
by a direct process will be reabsorbed by the magnetic ions in
the lattice [63]. This is a long-memory effect, meaning that it
will result in an effective increase of the spin-lattice relaxation
time T1. This increase of T1 can be interpreted as an increase
of the phonon momentum coherence, which we will call long-
living phonons [59,60]. In fact, such a spin-phonon process
has already been demonstrated experimentally [79]. In this
sense, the increase of the phonon coherence could enhance the
probability of an energy transfer to surface excitations prior
the relaxation to the thermal bath.

Figure 5 illustrates the various intermediate processes we
propose for the total spin-lattice relaxation 1/T1. In this
scenario we also take into account the relaxation through
the surface. The Gd3+ relaxation to the phonons is realized
through its crystal field [59,60], which is represented by the
rate 1/T ′

s , where T ′
s is the relaxation time from the spin probe

to the phonons. Because Gd3+ has zero orbital momentum
(L = 0), such coupling will not be so relevant. Now, we posit
that the only reason that it is possible to see the diffusive
asymmetry lineshape in Gd3+-substituted SmB6 is due to
the Gd3+–Sm2.6+ coupling which was discussed in [39]. Be-
cause of their large concentration and L �= 0, Sm ions have a
much more efficient coupling, 1/Ts � 1/T ′

s , with long-living
phonons. Such coupling between a concentrated Sm matrix
with the phonons results in a phonon-bottleneck process and,
concomitantly, an enhancement of T1.

Whenever the transferred energy, through the phonons and
even Sm2.6+ ions, reaches the surface there is an impedance in
the thermal exchange with the thermal bath, which is denoted
by (T pb

bulk + T pb
surface)−1, where pb denotes phonon bottleneck.

Due to this impedance it is possible to obtain a coupling
of the surface phonons, or even the surface Sm ions, to the

surface excitations, which effectively results in a diffusion
of the magnetization while the system relaxes to the thermal
bath.

One key question is related to the nature of the surface
excitations. Indeed, one may argue that they not necessar-
ily need to have a topological, or even an electronic nature.
Clearly, without a proper model, which is beyond the scope
of this work, we cannot rule out this scenario, but it seems
unlikely. There are few points in favor of electronic excita-
tions being the crucial ingredient, probably with a topological
character. First our results show a compelling correlation be-
tween electrical conductance attributed to surface states and
the evolution of the Gd3+ ESR line shape. One should also
mention the T dependence for T � 4 K of the X/R parameter,
especially for the sample without FIB-cut trenches, denoted as
“no FIB” in Fig. 4(c). It shows, around T ≈ 4 K, a reduction
of the increase of the X/R parameter, which even appears
to saturate. This happens right at the temperature where the
surface states start to dominate the resistivity measurements.
A similar situation is observed for sample S1, as shown in
Fig. 3, where at low T there is a slight change in the increase
of X/R. Although the analysis of X/R for T � 4K should be
taken with caution without a proper model, this is another hint
of the connection between surface states and the Gd3+ ESR
line shape.

The second point in favor of nontrivial electronic excita-
tions is the comparison of Nd3+-substituted YPdBi and YPtBi
[49,62]. They show clearly different robustness of the dif-
fusive line shape against external parameters (such as grain
size and Nd3+ concentration). With both having a similar
skin depth, and similarly enhanced T1’s, in principle, a similar
robustness of the diffusive asymmetry of the line shape should
be expected for the two systems if phonons or electronic triv-
ial excitations were responsible for the diffusive asymmetry;
however this is not observed experimentally [49,62].

At this point it is worth returning to the tuning parameters
and understand their role in light of our proposed relaxation
mechanism scenario. Regarding the skin depth change, the
decrease of the mean free path may diminish the spin-lattice
relaxation time at the surface, which is denoted by T pb

surface.
The reduction of the surface relaxation time diminishes the
probability of energy transfer to surface excitations. In other
words, the role of the surface excitations to the relaxation
of the system is suppressed as a function of the FIB cutting
grids. Such suppression results in a decrease of the diffusive
asymmetry, which is reflected in the X/R parameter, eventu-
ally leading to a Gd3+ localized-like line shape.

Another explored parameter is the Gd3+ concentration.
Samples with x = 0.0004 of Gd3+ show a plateau in resistiv-
ity at low T [39], however, we speculate that in x = 0.0004 the
number of Gd3+ ions is too high for a relaxation through the
surface excitations. Moreover, one should not forget disorder
effects. The additional disorder due to the increase of the Gd3+

concentration may suppress the spin-lattice relaxation, even at
the surface, due to the creation of additional relaxation chan-
nels, which introduces incoherent scattering. This is nicely
confirmed by the small T1 for x = 0.0004 when compared
with x = 0.0002 results. In fact, the FIB results, specifically
those for small numbers of FIB-cut trenches, show that a tiny
amount of disorder already creates effects in the line shape.
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Finally, our work suggests that the highly diluted exchange
(x = 0.0002) of Sm2.6+ ions by Gd3+ ions does not affect
the local topology around the substituted sites. This is con-
sistent with recent claims that a probe inside of a topological
nontrivial matrix could not alter the topological nature of the
system [80]. Our results demonstrate the influence of surface
excitations in the relaxation of our ESR probe, which leads
to an unusual diffusion asymmetry of the ESR line shape.
Furthermore, they provide first hints that the unusual ESR line
shape is likely related to the topological nature of the system.

V. CONCLUSION

In summary, we performed electron spin resonance and
complementary resistivity measurements in the Kondo insula-
tor Sm1−xGdxB6 with x = 0.0002 and 0.0004. The Gd3+ ESR
spectrum at T = 4 K for x = 0.0002 shows a diffusive-like
character, which correlates with the temperature evolution of
surface states in SmB6. Using a focused ion beam we system-
atically altered the sample surface and showed the evolution of
the Gd3+ ESR line shape from a diffusive-like to a localized-
like character. Our analysis of the spin-lattice relaxation time
T1 reveals that the surface impedance opens the possibility
of a diffusive asymmetry through nontrivial surface excita-
tions. Further experiments in other systems and a theoretical
description would be valuable to gain more insight to how
electron spin resonance can be a smoking gun in the study
of topological phases of matter.
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APPENDIX A: MAGNETIZATION MEASUREMENTS

Figure 6 represents the magnetic susceptibility as a func-
tion of temperature and the magnetization as a function of
the applied magnetic field for Sm1−xGdxB6 (x = 0.0002). The
results for x = 0.0004 are reported elsewhere [39]. Assuming
the Kondo single impurity model explored in [46], we esti-
mated x to be ≈0.0002. This is in agreement with the rough
comparison of the ESR intensity I for x = 0.0002 and 0.0004.

APPENDIX B: SKIN DEPTH AND MEAN FREE PATH

To understand the effects of the FIB-cut trenches, we ex-
amined the mean free path � and the skin depth δ within a
two-layered model [27,28]. The effective mean free path � of
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FIG. 6. (a) Magnetic susceptibility as a function of tempera-
ture and (b) magnetization as a function of the applied field for
Sm1−xGdxB6 (x = 0.0002).

carriers is given by

� = m∗
evF

ne2ρ
, (B1)

where m∗
e is the effective mass, vF the Fermi velocity, n

the carrier density, and ρ the resistivity of the sample. In
light of the widespread values for n, m∗

e , and vF for SmB6

[25,31,32,41,42,44] absolute numbers should be taken with
extreme care. However, in a first approximation, the trend of
� should be reliable because we should not have a relevant
change in the carrier concentration as a function of the FIB-cut
trenches.

Recent Corbino measurements demonstrated that the bulk
resistivity of SmB6 shows an insulating behavior at low tem-
peratures [24]. Therefore, it is expected for the low-T regime
that the conducting carriers are mostly in the surface layer
[24,27]. With this assumption we use the carrier density
of a two-dimensional layer n2D ≈ 2×1014 cm−2 [25,27].
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TABLE I. Experimental parameters extracted from resistivity and ESR measurements for sample S2. �y = (y − yF0)/yF0, where y can be
�, δρs , or I , denotes the change of the respective parameter upon increasing the density of the FIB-cut trenches. F0 denotes the sample without
FIB-cut trenches. We calculated δESR assuming a 150-μm microwave penetration for F11. �H is the Gd3+ ESR linewidth and the g-value is
extracted from the Gd3+ resonance field.

ρ2K
3D ρs � �� δρs �δρs I �I δESR �H g-value


 cm μ
 cm μm μm arb. units μm Oe

F0 0.092 2.67 3.8 0.85 39(8) ∼ 25 16.5(9) 1.918(2)
F2 0.12 3.48 3.1 −0.21 0.97 0.14 47(8) ∼ 0.2 ∼ 30 15.9(9) 1.919(2)
F6 0.47 13.6 0.78 −0.80 1.91 1.25 95(9) ∼ 1.4 ∼ 60 16.8(9) 1.917(2)
F9 0.81 23.7 0.46 −0.88 2.53 1.98 190(20) ∼ 3.8 ∼ 120 16.5(9) 1.918(2)
F11 230(20) ∼ 4.9 150∗ 17.7(9) 1.918(2)

Further, on the basis of [25,31,32], we used m∗
e ≈ 410 me

and vF ≈ 2.4×103 m/s.
Assuming that the conducting channel at the surface will be

the most relevant at low T , the surface resistivity ρs is given
by

ρs = 2ts
Gbulk

= 2tsρ2K
3D

t
, (B2)

where ts is the surface states thickness, t the crystal thickness,
Gbulk the bulk conductance and ρ2K

3D the resistivity value taken
at T = 2 K. We used ts = 6 nm [27] and t = 410 μm. Con-
verting n2D (n = n2D/ts) and using Eq. (B2) in Eq. (B1) we
can estimate �.

All the values are reported in Table I. There is a clear
tendency of a reduction in � as a function of the number of
FIB-cut trenches due to the surface resistivity increase as a
function of the increase of FIB cuts. As a matter of compar-
ison, since the reported vF values are quite widespread, we
also used vF = 1.6×105 m/s [28] for an electron mass close
to 1 me. In that case, we would obtain � = 618, 490, 125, and
73 nm for the pristine sample (F0), and for the FIB grades
F2, F6, and F9, respectively. Although the absolute values are
different, the tendency of the suppression of � is the same.

Regarding the skin depth δ, the two-layered model is still
relevant. To understand the effects of this highly conducting
surface layer on the microwave penetration, we estimate the
skin depth δρs = √

ρ/π f μ within the surface layer. The re-
sults are reported in Table I.

Clearly, in these calculations, δρs exceeds ts by two orders
of magnitude or more. Hence, despite the high conductivity,
the incident microwave will have just a small attenuation due
to the small ts. As a consequence, our ESR spectra originate
from the bulk, which is in accordance with the cubic fine-split
Gd3+ ESR spectrum shown in Fig. 3. In this layered model,
we are assuming, beyond the highly conducting surface, a
higher bulk resistivity, which has an exponential behavior as a
function of T for SmB6 [24]. As such, the effective skin depth
should be larger than this estimation, where we only took into
account the surface layer. This is in agreement with a previous
result which claims that the skin depth may be larger than the
sample size for x = 0.0004 [39].

We can also estimate the relative skin depth increase from
our ESR measurements upon progressing FIB cutting. As
mentioned in the main text, as a first approximation, the ESR
intensity I is directly proportional to the skin depth δESR. As-

suming δESR ∼ 150 μm for the last FIB grade F11, which is
in accordance with previous estimations [39], we can estimate
δESR as a function of the numbers of the FIB-cut trenches. All
values are reported in Table I.

At this point, it is highly interesting to compare trends of
both δρs and δESR skin depth estimations—again we should
emphasize that absolute numbers should be taken with ex-
treme care. The qualitative agreement between the tendencies
of both skin depths is clear. We see a quantitative agreement in
the increase of the microwave penetration between F0 (which
is the sample without FIB-cut trenches) and F2 and F6, how-
ever, there is a difference of a factor of 2 for F9.

This discrepancy may be related to the attenuation of the
microwave being almost negligible at higher FIB grades.
However, one should be aware of the following FIB effects
which are not captured by our approach. The FIB cutting will
result in surface damage extending several tens of nanome-
ters into the crystal, thus, for example, inducing defects that
may serve as dopants [47,81]. For a lower density of FIB-
cut trenches, this effect may have less impact, which is the
reason why both estimations of the increase of the skin depth
agree. However, higher densities of FIB-cut trenches should
result in this effect being more significant. As such, resistivity
and ESR measurements may be affected differently by such
damages, which can result in a discrepancy of both estimates.
Our results are in agreement with our proposed scenario for
the X/R development, stating that the impact of the surface
on the ESR spectra can be largely suppressed by introducing
FIB-cut trenches into the sample.

APPENDIX C: ANALYSIS OF THE
SPIN-LATTICE RELAXATION

Due to our ESR being a continuous wave experiment,
the estimation of the spin-lattice relaxation T1 is an indirect
measurement. We extract T1 from the analysis of the ESR
intensity I as a function of the microwave power P for fixed
temperature T . We followed the steps as outlined in detail
in [82], Chap. 13, Sec. C (p. 589). Assuming that the Bloch
equations are valid and the broadening of the Gd3+ ESR line
shape is homogeneous, T1 can be expressed as

T1 = �H

γ g

s−1 − 1

H2
1

, (C1)
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where γ is the gyromagnetic factor, g the ESR g-value, �H
the ESR linewidth, and s the saturation term. The microwave
magnetic field H1 applied on the sample can be expressed

as H2
1 = KP, where K is a constant that depends on the

microwave cavity and P is the microwave power (in W). Since
K is always close to unity, a good approximation is to assume
K = 1 Oe2/W.

The saturation term s can be expressed as

s−3/2 =
[

limH1→0(I ′/H1)

I ′/H1

]
∝

[
limH1→0(I ′/

√
P)

I ′/
√

P

]
, (C2)

where I ′ is the ESR intensity per microwave power P. One
can see from Eq. (C2) that the saturation of the ESR spectrum
can be obtained by analyzing the ESR intensity I as a function
of H1 or, more precisely, as a function of

√
P. Figure 7 shows

the
√

P dependence of I for F1 and F11. For our data, we
assumed a saturation of the ESR spectrum as soon as the

√
P

dependence of I deviates from a straight line.
There are a few ways of extracting s and, therefore, ob-

taining T1. The most common one is to analyze the saturation
of the ESR spectrum, in which s → 2/3. Assuming s = 2/3,
Eq. (C1) can be rewritten as

T1 = 1.1371.10−7�H

gP
. (C3)

Due to a few approximations, the extracted T1 from our
data will have significant error bars. Nevertheless, as shown in
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the main text, we can see a clear tendency of T1 as a function
of the number of FIB-cut trenches on the x = 0.0002 sample.

APPENDIX D: SAMPLE DEPENDENCE

To analyze the sample dependence, we also made FIB-cut
trenches in sample S1. Figures 8(a) and 8(b) summarize the
obtained results. As shown in Fig. 8(a), less FIB-cut trenches
were necessary to recover a localized character of the Gd3+

ESR spectrum for sample S1 as compared to sample S2
(Fig. 4). The T1 FIB-number dependence, which is shown in
Fig. 8(b), shows the same qualitative behavior as sample S2.

For the samples without FIB-cut trenches, T1 is smaller
for sample S1 when compared with sample S2. Interestingly,
this is also the case for the X/R parameter. Nonetheless, both
samples show the same qualitative behavior: T1 merges to the
value seen for x = 0.0004, and the Gd3+ ESR localized-like
character is recovered as a function of progressive FIB cutting.

One possible explanation for this sample dependence is
the introduction of additional relaxation channels when a very
small quantity of disorder is introduced into the system. Nat-
urally, we should expect that samples with more disorder may
not show the diffusive asymmetry of the Gd3+ ESR line shape,

even with, nominally, the same Gd3+ content. T1 appears to
qualitatively capture such changes.

As a complement, we also investigated the T dependence
of the diffusive asymmetry of the Gd3+ ESR spectra for ap-
plied magnetic field H parallel to the [100] direction. For
this experiment, we used another sample out of the same
batch, which we will call sample S3. Instead of just simulating
the Gd3+ spectra, we fitted the seven lines, using Eq. (1),
for extracting the general tendency of the X/R parameter.
Due to the superposition of the different Gd3+ fine-structure
resonances, a certain range of X/R is expected for a given
temperature. However, one reliable aspect of this analysis is
the general trend of the X/R parameter for each line, i.e.,
each line tends to have a localized-like character at higher
temperatures.

Figure 8(c) shows the Gd3+ ESR spectrum at T = 6 K
and Fig. 8(d) the obtained X/R for each line. As a mat-
ter of comparison, we also show the X/R T dependence
for the Gd3+ ESR spectrum when the sample is turned by
30◦ away from the [001] towards the [110] direction (col-
lapsed spectrum) in Fig. 8(d). Note that, similarly to the
other samples, we again observe a X/R saturation at low
temperatures.
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