PHYSICAL REVIEW B 108, 205101 (2023)

Exploration of strongly correlated states in SmBg through a comparison of its two-coil pick-up

response to that of Bi,Se;

Sayantan Ghosh,' Sugata Paul,' Amit Jash®,"?> Zachary Fisk,? and S. S. Banerjee ®'-"
"Indian Institute of Technology Kanpur, Kanpur, Uttar Pradesh 208016, India
2Department of Condensed Matter Physics, Weizmann Institute of Science, 7610001 Rehovot, Israel
3Department of Physics and Astronomy, University of California at Irvine, Irvine, California 92697, USA

M (Received 12 September 2022; revised 1 October 2023; accepted 3 October 2023; published 1 November 2023)

Authors of earlier studies on the Kondo insulator SmBg revealed the presence of a bulk Kondo insulating
gap between 30 and 50 K and the emergence of a conducting surface state only < 4 K. Here, we compare the
two-coil mutual inductance pick-up response of a SmBg single crystal with that of a conventional topological
insulator, a Bi,Se; single crystal. From these studies, we identify three distinct temperature regimes for SmBg,
viz, )T > T*(~ 66 K), (i) (~40K) T, < T < T*, and (iii) T < T,. At T* in SmBg, we observe a peak in the
temperature-dependent AC pick-up signal which corresponds to the peak in the broad hump feature in the bulk
DC susceptibility measurements and features in the resistivity measurements. A dip in the pick-up signal at 7 in
SmBg correlates with the evidence for the opening of a bulk Kondo gap in transport measurements. In this paper
on our study of the pick-up signal in SmBg, we suggest the presence of a thin (submicron-order thickness), high-
conducting surface layer from a temperature just below T,. In this 7 regime in SmB, the pick-up signal shows
a distinct square root frequency (v) dependence compared with the linear v dependence found in Bi,Se;. Across
all the different T regimes, distinct AC frequency dependence and scaling properties are observed. Our results
suggest that, above 7™, weak exchange interactions cause electrons to scatter from random ion sites. Electronic
correlations gradually strengthen with the onset of Kondo-like hybridization, setting in from below 7*, and at T,
a strongly correlated Kondo gap opens in the bulk of the material. The appearance of the thin, high-conducting

surface layer is nearly coincident with the onset of the bulk Kondo insulating state below 7, in SmBg.
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I. INTRODUCTION

Samarium hexaboride (SmBg) belongs to the Kondo lattice
insulator family where the itinerant d states of Sm ions hy-
bridize with its localized f states to create a quenched lattice
of screened f-electron moments. This leads to a correlated
Kondo insulating state with a bulk Kondo gap [1-3], corre-
sponding to a temperature scale T,. Authors of most reports
have suggested that T, ranges between 30 and 50 K [4-6]
in SmBg. Resistivity p vs temperature (7') [4—6] behavior in
SmBg shows a significant increase in p with lowering of tem-
perature T < T,. However, the rapid rise in p with decreasing
T appears to saturate < 4 K. This observation suggested the
presence of a low-temperature conduction channel in SmBg,
which has triggered numerous debates [7]. Measurements
have revealed that the saturation feature in p is indepen-
dent of sample quality [4—6]. Unlike a typical band insulator,
SmBg¢ possesses strongly interacting electronic states along
with a significant spin-orbit interaction. Theoretical calcu-
lations have suggested that these spin-orbit interactions due
to hybridization between the conduction band and f elec-
trons result in gapless surface excitations with time-reversal
symmetry [8,9]. Authors of such studies have implied that
SmBg belongs to a distinct category of strongly interaction-
driven topological material [10-13]. However, the scenario
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emerging from experiments is complex. Authors of trans-
port studies [14—17] have seen a saturation of resistivity at
low T. In these studies together with photoemission spec-
troscopy [18-21] and neutron scattering measurements [22],
authors have suggested that the saturation in resistivity poten-
tially could be related to a conducting surface state in SmBg at
low temperatures (< 4 K). This coincides with an insulating
gap in the sample bulk, as seen from point contact spec-
troscopy [23]. While some measurements [24] have suggested
that, at low T, de Haas—van Alphen (dHvA) oscillations cor-
respond to conduction from two-dimensional (2D) surface
states, some other measurements, however, have claimed the
oscillations originate from bulk [25,26]. The dHVA quantum
oscillation measurements [24,26,27] and angle-resolved pho-
toemission spectroscopy (ARPES) [20,28,29] have shown that
the measured effective mass of electrons at low T is low,
whereas STM measurements have suggested a high effective
mass [30]. A common feature of these studies is that, in
SmBg, there is the opening of a Kondo gap in the bulk at
T, ~ 30-50 K, with evidence suggesting a conducting surface
state appearing at a much lower T (< 4 K). Thus, SmBy is
an exotic Kondo insulator (KI) with the prospect of having
a topological surface state at significantly low 7 [7,31-35].
In this paper, using the sensitive two-coil mutual inductance
technique for SmBg, we explore the T’ regime around 7, and
attempt to identify features of conductivity emerging in the
background of a bulk Kondo gap below 7.

Typically, while electrical transport studies are quite
popular to study topological insulator (TI) materials
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[13,19,36-41], in these measurements, the parallel conduc-
tion channels present through the bulk and the surface are
admixed, and their individual contributions to the net conduc-
tivity are difficult to discern. In the noncontact-type two-coil
mutual inductance technique [42-47], it was shown that,
in conventional TI material Bi,Ses, the bulk and topologi-
cal surface states give rise to unique and distinct frequency
(v) and T-dependent features. There is a linear frequency
dependence in a temperature regime where topological sur-
face states contribute to the electrical conductivity while a
quadratic v dependence is found in the temperature regime
where the bulk conductivity dominates [42,43]. In this paper,
using the above technique, we compare the behavior of single-
crystal SmBg with a well-known noninteracting TI material,
viz., single-crystal Bi;Se; [48,49]. We measure the in-phase
pick-up signal (V') for the two single crystals at different
temperatures (7') and excitation frequencies (v). BiySes at
low v, < 100 K shows thermally activated bulk conductivity.
For SmBg, we find completely different temperature scales.
We see that the T dependent pick-up signal V'(T), based
on the behavior, can be separated into three distinct regimes:
DT >2T*~66K,3{)(~40K)T, < T < T* and (iii) T <
T,. Around T* in SmBg, we observe a peak in the temperature-
dependent AC pick-up signal which corresponds to the peak
in the broad hump feature from the bulk DC susceptibility
measurements. Near 7%, we also see a nonlinear dependence
of the V' signal on v and the excitation field amplitude as
well. Such features are absent in the pick-up signal at T < T,
and T > T*. Bulk electrical conductivity measurement in our
SmBg single crystal shows a featureless slow increase in re-
sistivity (decrease in conductivity) in regime (i). However, in
regime (ii), the rate of increase in resistivity becomes sig-
nificant, and in regime (iii), i.e., below Tg, there is a rapid
increase in resistivity due to the opening of a Kondo insulating
gap in the bulk. A detailed comparison of the V'(T') response
at low 7 in SmBg and Bi,Ses; suggests the presence of a
thin, high-conducting surface layer just below 7, in SmBg
with an insulating bulk. In this regime for SmBg, we find the
frequency-dependent pick-up response V' (v) o v'/? as com-
pared with V'(v) o v found in the surface conducting regime
of the TI material Bi,Ses. In the bulk-dominated conductivity
regime, viz., well above T, in SmBg and > 70 K in Bi,Ses,
both materials exhibit identical v> dependence of V'. The v'/?
dependence is probably a result of the presence of strong
f-f electron correlations modifying the features of the con-
ducting surface layer in SmBg. Results of our investigations
indicate that, above T*, weak exchange interactions cause
electrons to scatter from random ion sites. Electronic correla-
tions gradually strengthen below 7* as Kondo hybridization
begins, and finally, a strongly correlated bulk gap appears
at 7T,. Our results suggest the appearance of the thin, high-
conducting surface layer is nearly coincident with the onset of
the bulk Kondo insulating state below T, in SmBg.

II. EXPERIMENTAL TECHNIQUE

The SmBg single crystal grown by the aluminum flux
method [25,35] has dimensions of 0.9 x 0.75 x 0.2 mm (see
Sec. I in the Supplemental Material [50] for x-ray diffraction
details). Wavelength-dispersive x-ray spectroscopy (WDS)

gives the average Sm:B stoichiometry close to 1:6 (see
Sec. I in the Supplemental Material [50] for details). The
BiySes single crystal prepared by slow cooling stoichio-
metric melts of high-purity bismuth (Bi) and selenium (Se)
powders [40,41,51] has dimensions of 3.9 x 2.5 x 0.069 mm
(see Sec. II in the Supplemental Material [50] for charac-
terization of the BiySes single crystal). Figure 1(a) shows a
schematic of our noncontact-type two-coil mutual inductance
measurement setup [42,43], where SmBg is kept between the
excitation and pick-up coil. The physical dimensions, number
of turns, and inductance of the two coils are closely matched
(see Sec. III in the Supplemental Material [50]). Alternating
current (I) at frequency v sent in the excitation coil creates
a time-varying magnetic field. This AC excitation magnetic
field is experienced by the sample placed between the two
coils. The magnetic response generated by the sample, in turn,
induces a voltage in the pick-up coil, which is measured using
a Stanford SR830 DSP lock-in amplifier. We have used a Janis
closed-cycle cryostat for low-temperature measurements. If
Iy is the peak amplitude of the AC excitation current in the
excitation coil, then the induced pick-up voltage amplitude
is V(v) = IyMv, where M is the mutual inductance that
contains the sample response. Note that M is proportional to

the AC susceptibility (x,.) of the sample as V = M (dj‘l”) and

V = —uoNk¢ Xac(d;,’;“ ), where g is the permeability of free
space, N is the number of turns of the pick-up coil, k is the
geometric filling factor, ¢ is the cross-sectional area of the coil
(both coils have the same ¢), and x,c = x’ + ix”. Addition-
ally, we use a 1.5-mm-thick oxygen-free high-conductivity
(OFHC) copper sheet (with an insulating coat) with a hole
of diameter 0.75 mm placed on top of the excitation coil,
and the sample is placed just above the hole to reduce the
pick-up signal due to stray fields around the sample [42].
The stray alternating magnetic field present around the sample
[see Fig. 1(a)] induces a significant signal in the pick-up coil
which often dominates over the response from the sample. The
OFHC-Cu sheet with a conductivity of ~ 6 x 10’ S m~! has
a skin depth § of ~ 200 pm for a 1 kHz AC field. Because
the thickness of our OFHC-Cu sheet is greater than &, most
of the stray AC field present outside the sample is shielded
out by the Cu sheet, except the AC magnetic field over the
hole [42]. Thus, the Cu sheet significantly cuts off the stray
field contribution to the signal. The hole concentrates the
AC magnetic field directly onto the sample placed just over
the hole [42], and thus, the pick-up signal is predominantly
contributed by the sample. This has been confirmed by finite
element analysis using COMSOL Multiphysics software simu-
lations reported in our earlier work [42]. The stray AC fields,
however, constitute a significant fraction of the background
signal in the pick-up coil. Note that, for every measurement,
we subtract the background signal from total response such
that the pick-up signals contain mainly the sample response.
The background signal is measured at different 7 and v by
removing the sample and placing just the Cu sheet with a hole
between the coils.

In this two-coil technique, the AC pick-up voltage V =
V' +iV”; however, in this paper, we focus on the behavior
of the in-phase signal V’. It is also known that, for a con-
ducting sample, the AC field from the excitation coil induces
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FIG. 1. Schematic of the setup and temperature dependence of the in-phase pick-up signal (V') of SmB¢ and Bi,Ses.
(a) Schematic of our two-coil setup with SmB¢ placed between the coils. (b) Sample + background (black curve) and only background (red
curve) of SmBg for 4 kHz excitation frequency and 200 mA excitation current (/). (c) Sample + background (blue curve) and only background
(red curve) of Bi,Se; for 4 kHz excitation frequency and 200 mA excitation current (Iy). (d) Sample + background (dark green curve) and
only background (red curve) of BSCCO for 20 kHz excitation frequency and 200 mA excitation current (Iy). (e) V' vs T data of BSCCO for
20 kHz excitation frequency and 200 mA excitation current (Iy). (f) V' vs T data for SmBg (black open circles) and Bi,Se; (blue open squares)
both for 4 kHz excitation frequency and 200 mA excitation current (Iy). Note that the left (black colored) and bottom (black colored) axes
correspond to V'(T') data for SmBg only and the right (blue colored) and top (blue colored) axes correspond to that for Bi,Se;. The three
distinct temperature regimes (i)—(iii) for SmBg are marked by red arrows. Inset shows the In V' vs T~ plot for both SmBg (black open circles)
and Bi,Se; (blue open squares). Here, the left and right vertical axes correspond to SmBg and Bi,Ses, respectively (with a common x axis).
The linear fit (red dashed line) shows the activated nature of the conductivity of Bi,Se;, whereas a completely different nature is observed for

SmB6.

currents in the sample whose strength is proportional to the
v-dependent electrical conductivity o of the material. These
currents in the sample induce a signal in the pick-up coil.
As shown through Eq. (1) in Ref. [42], the pick-up signal is
related to o (v) of the material. Therefore, the pick-up signal
in the two-coil technique not only depends on x but also
on o. While Bi,Ses; is nonmagnetic, there is a discernible
x response for SmB¢. Using the SQUID magnetometer, we
measure x(7) for SmBg over the T regime of interest.
Normalizing the V'(T) response with x (T'), we obtain a sig-
nal which is representative of the behavior of o (7) of the
sample (details discussed subsequently). Another benefit of
measuring the conductivity of the sample using the two-coil
technique is that, depending on v of the excitation AC field,
signals acquired closer to the conducting sample surface can
be distinguished from those obtained from deeper within the
sample volume. A low-v AC excitation field penetrates deeper
into a conducting sample (since § J%)’ which leads to a
pick-up signal from a larger sample volume (which we will
subsequently refer to as the bulk sample response) compared
with a higher v AC field, which penetrates only into a thin
layer (submicron-order thickness) close to the sample surface
[see the estimate of skin depth (6) for Bi,Se; in Sec. V of
Ref. [42] and for SmB¢ discussed later here). This feature was
previously used to distinguish between the behavior of bulk
(op) and surface (o;) electrical conductivity in a noninteract-
ing TI, Bi,Se; single crystal [42,43,52]. We use the above

technique now to compare the V'’ behavior of single crystals
of SmBg and Bi,Ses.

III. RESULTS

A. Comparison of SmBg and Bi,Se; V'(T') response

Figures 1(b) and 1(c) show V'(T) of the sample with
background and only the background signal for SmB¢ and
Bi,Ses, respectively. For all these measurements, 200 mA
excitation current and 4 kHz excitation frequency were used.
Figure 1(d) shows the V/(T') behavior of a high-temperature
superconductor Bi;Sr,Ca;CuzOg (BSCCO-2223; sample +
background and the background for 200 mA excitation cur-
rent and 20 kHz excitation frequency). The background
signal of the Cu sheet with hole is the combined result
of the AC field shielding contributions, from the solid re-
gions of the copper sheet away from the hole and that from
the regions around the hole. In Fig. 1(e), the background-
subtracted V'(T ) shows the expected increase in diamagnetic
susceptibility below the superconducting transition temper-
ature T¢ ~ 108 K of BSCCO-2223, which compares well
with earlier two-coil measurements [43]. Figure 1(f) shows
the background-subtracted V’(T) for SmB¢ and Bi,Ses sin-
gle crystals. For Bi;Se; (blue symbols), V/(T) decreases <
100 K. The inset of Fig. 1(f) depicts a linear (see red dashed
line) InV'(T) vs T~! behavior, which is a feature of acti-
vated charge conductivity in bulk of BiySes;. At 4 kHz, o
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FIG. 2. Transport and DC susceptibility of SmBy single crystal. (a) Four-probe based electrical resistivity (o) vs T data for SmBg single
crystal. The figure identifies the three regimes (i)—(iii) marked by magenta arrows and two temperatures 7, and T*. Inset (I) shows the behavior

(blue dashed line) of the Hamann function p(7") o< [1— In(7/Tx)

N/ In2(T /T )+s(s+1)m2

], which fits the high-T regime (T > T*) of the data. One sees the

clear departure of p(7) from the Hamann fit from below ~ T* (see discussion section of main text for additional details). Inset (II) shows
V'(T)/ x (T ) response at 4 kHz excitation frequency (black circles) and bulk DC conductivity (o) response (red circles) of SmBg from two-coil
and transport experiments, respectively. o starts to decrease at 7, = 40 K, whereas V'(T')/ x (T') shows significant increase from 7, = 40 K.
(b) DC magnetic susceptibility measurements on SmBg show x~! vs T plot for both zero-field-cooled (ZFC; red spheres) and field-cooled
(FC; black spheres) under 0.1 T magnetic field. Blue dashed line shows the Curie Weiss fit > 100 K. Linear back extrapolation (violet dashed
line) marks the 7* ~ 60 K. Inset shows ﬁ% vs T (red open squares and left y axis) and x vs T (blue closed squares and right y axis) for 0.1 T

FC. T* is denoted by black arrows in both the main panel and the inset.

in Bi,Se; has the form V/(T) « 0,(T) exp(—kBAT), where
A 1is the activation energy scale. The activated behavior of
bulk conductivity in Bi,Se; is produced due to the doped
charges created by Se vacancies in the crystal [53]. We es-
timate the activation energy scale A is ~ 5.92 & 0.31 meV
from the slope of the red dashed line in the inset of Fig. 1(f),
which is consistent with previous results [42]. The behavior
of V/(T) for the SmBg crystal is completely different from
that for BiySes. In Fig. 1(f), we find that, with reducing T
from 100 K, V/(T) of SmBy initially increases and exhibits
a peak at T* ~ 66 K. Below T*, V'(T) rapidly decreases to
reach a minima at 7, ~ 40 K [see Fig. 1(f)]. Below T,, V'(T)
increases once again to finally saturate at low 7 for SmBg.

B. Transport and DC magnetization measurements of SmB¢

Figure 2(a) shows our standard four-probe measurements
of resistivity p vs T for the SmBg single crystal. We observe
a monotonic increase in p with decreasing 7. Approximately,
p(T) shows a weak T-dependent regime from high 7 down to
~ 65 K. Below 65 K, p(T') increases significantly and shows
an exponential rise from 7, ~ 40 K. This sharp increase
in p at T < T, results from the strongly correlated Kondo
insulating gap opening in the bulk. This behavior of p(T) is
consistent with earlier studies in SmBg [4,5,14,15,54,55], and
the value of T, is also in a similar range [1,15,30]. Inset (I)
of Fig. 2(a) shows that p(T") obeys the conventional Hamann
fit [56] down to T* ~ 65 K and then starts to deviate from
it. This has been elaborated upon in the discussion section
later. Note that the minima in V'(T) of SmBg [see Fig. 1(f)]
occurs at the Kondo gap temperature T,. Inset II of Fig. 2(a)
shows the comparison of the effective conductivity derived
from normalized pick-up response V'(T)/x (T) and the bulk
conductivity [o (T )] response from transport (see the compari-
son up to 300 K in Sec. IV in the Supplemental Material [50]).

We observe that, from 80 to 40 K (= T,), while the electrical
conductivity (o) changes by a small amount, V'(T)/x(T)
drops significantly. At T < T,, while the bulk o drops rapidly
due to formation of the Kondo gapped state, V'(T)/x(T)
shows a significant increase. Note that the size of the cusplike
feature at T* is significantly diminished compared with the
rise in V'(T')/x(T') seen below T,. This difference suggests
the enhancement in effective conductivity is from the thin
surface layer below T, in SmBg. Although the feature in V'(T')
at T* [in Fig. 1(f)] is not prominent in V'(T)/ x (T') [Fig. 2(a)
inset II], it appears as a modulation in p(7) behavior, which
is seen more clearly from the behavior of the absolute value
of 3—; vs T (log-log scale) around 7*=65 + 2K (see Sec. V
in the Supplemental Material [50]). A similar change is also
seen here near T, = 40 &= 2 K (see Sec. V in the Supplemental
Material [50]).

The 0.1 Tesla isofield DC x(T) measurement (cryofree
Cryogenics UK, SQUID magnetometer) for SmBg single
crystal is shown in the inset of Fig. 2(b) (blue data points).
Below 300 K, there is a monotonic increase in x(7) as
T is reduced, and it has a broad dome-shaped character-
istic < 100 K. We show that x(7) behavior for 0.1 Tesla
zero-field-cooled (ZFC) and field-cooled (FC) conditions are
identical, suggesting the absence of any irreversible magnetic
component in SmBg¢ (see Sec. VI in the Supplemental Mate-
rial [50]). Below 15 K, an increase in x(7) is observed. A
similar nature of x(7') as in the inset of Fig. 2(b) was also
seen earlier [35]. The broad dome feature in x (7') is usually
considered to be related to the opening of a Kondo gap in the
bulk of SmBg [35,57]. However, the increase of x (T) < 15 K
has been suggested to be related to some fluctuating moments
in the bulk of SmB¢ [57] or the presence of paramagnetic
impurities [58]. Note our 7' regime of interest in this paper
is > 15 K. From the % vs T plot in the inset of Fig. 2(b)

(red data points), we see extrema (% =0)atT* ~60£1K
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TABLEI. T* and T, values determined from different techniques.

Technique T* (K) T, (K)
Two-coil 66 £1 40 £1
Resistivity 65 £2 40 £1
DC susceptibility 60 +1 —

and at 15.5 K (shown by black arrows). The decrease in x (T')
below T* [Fig. 2(b) inset] coincides with a decrease in the
pick-up signal V/(T) at 4 kHz below T* [Fig. 1(f)]. This
indicates the Kondo screening process starting in the bulk of
SmBg¢ from below 7*. We do not see any distinguishing fea-
ture related to 7y eitherin x (T') or m 2. Table I shows that T
and 7T, obtamed from the two-coil measurements [Fig. 1(f)],
transport [p(T) in Fig. 2(a)], and DC susceptibility [x(T)
in Fig. 2(b) inset] measurements are all in a similar range
to variations of 3—5 K. The variations are attributed to dif-
ferences in cryogenic conditions in the three different setups
used for our measurements. The inverse susceptibility x ! vs
T behavior for both 0.1 T ZFC and FC conditions are plotted
in the main panel in Fig. 2(b). We see that, while at high
T (> 100 K), the data fit (blue dashed line) the Curie-Weiss
law ie., x(T) = T 5> with 6 = —230.2 K and Curie constant

=0.039emuK g~! Oe™!, the data deviate significantly at
low T < 100 K. Similar features in x (7') of SmBg have also
been reported by other groups [55]. Note that, in other sys-
tems, such Curie-Weiss-like behavior is observed in strongly
correlated itinerant electron scenarios without any long-range
magnetic ordering [55,59-61]. Furthermore, Fig. 2(b) shows
that, with lowering of T, there is a strong deviation from the

Curie-Weiss nature. A linear back extrapolation (dashed violet
line) from low T, where x ~! has deviated significantly from
the Curie-Weiss law, intersects with the back extrapolated
Curie-Weiss fit from the high-T regime. The intersection gives
us a temperature scale ~ 60 K, below which it appears that the
correlations set in the system. Note that this 7 ~ 60 K is close
to our 7* value identified earlier. The above Curie-Weiss-
like nature at high T and deviation from it at low T suggests
the transition from an uncorrelated paramagnetic response
regime to a strong electronic-correlation-dominated regime in
SmBg < 60 K.

C. Comparison of surface conductivity of Bi,Se; and SmBg

At v =4kHz, for SmBg, V'(T) in Fig. 1(f) increases
for T < T,. The minimum at 7, in SmBg is like the V'(T)
behavior in nonmagnetic Bi,Ses, albeit in Bi;Ses, this min-
imum was seen in V/(T) data taken at v = 65kHz [42]. In
Fig. 3(a), we compare the V'(T)/x(T) data for SmBg¢ at 4
kHz with V'(T) data for the Bi,Se; single crystal measured
at v = 65 kHz. Recall that Bi;Ses has no inherent magnetism;
therefore, the V'(T') behavior is due to its electrical conduc-
tivity o (T') response, whereas in SmBg, V/(T)/ x (T) gives the
effective electrical conductivity behavior. In BiySes, o (T) =
0,(0) exp(—kBAT)+ [C“jr(g)n, where 0,(0) and o,(0) are the
temperature-independent bulk and topological surface state
conductivities, respectively, D is related to electron-lattice
scattering, and C is related to electron-electron (e-e) inter-
action strength [38,42]. Due to the small value of the skin
depth at high v = 65 kHz, only a thin layer around the sample
surface in the Bi,Se; is probed by the excitation field. Hence,
in Fig. 3(a), at 65 kHz, < 70 K, the contribution from the
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FIG. 3. Comparison of V'(T) of Bi,Se; and SmBg. (a) V'(T) response of Bi,Se; and V/(T)/x(T) of SmBg¢ are denoted by blue open
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) behavior of Bi,Se;

bulk state conductivity. Red and magenta dashed lines show distinct V/(T')/x(T) o« (A—BT) and V’ (T ) x (A— BT) behavior of SmBg and

Bi,Sej; surface conductivity, respectively. (b) Difference between V'(T') data calculated from the ﬁts [=—=
for Bi,Ses, and (c) shows the difference between V'(T')/x (T) data calculated from the fits [

SII]BG.

= DT and (A—BT)] and from experiment

and (A—BT')] and from experiment for

C +DT
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TABLE II. Comparison of C, D and A, B values between Bi,Se; and SmBg.

Sample C D A B
Bi,Se; (65 kHz) 0.0052 mV~! 1.86 mV~! K-! 20.408 mV 0.249 mV K-!
SmBg (4 kHz) 0.0003 mV~! 0.79 mvV~! K-! 8.49 mV 0.21 mV K-

exp(—kBAT) dependence of bulk conductivity falls below the
contribution from the T-dependent topological surface state
conductivity of Bi,Ses. This results in the upturn feature in
V’(T), which serves as a signature of the contribution from
TI surface conducting states. Figure 3(a) shows that, in the
T range 5S0-70K, V’ (T) of Bi,Se; fits with the —~= behaV1or

C+DT
as V/(T) x o5 x C+DT Note that a similar V/(T) C+DT
dependence has been reported in other crystals of Bi,Ses;
via pick-up coil measurements [42] and transport measure-
ments [38]. From Fig. 3(a), we see that, < 50 K, the behavior
of V/(T) for Bi,Se; fits to a form [A—BT] (see magenta
dashed line). In Fig. 3(b), we plot the value of the fit error at
different T, €, pr)1(T) = [(V/(T) calculated using ﬁ]
— [V/(T) as measured] and €_pr)(T) = [V'(T) calculated
with A—BT'] — [V/(T) as measured] for Bi,Ses. It shows that
€c+pry ~ 0 between 70 and 50 K, while < 50 K, €u4-pr)
~ 0. This suggests (C + DT) lis a good fit to V/(T) data
from 70 to 50 K, while < 50 K, [A—BT] is a better fit to the
data of Bi,Ses. Note that, in SmBg for T < Ty, the upturn in
V'(T)/x(T) follows a (A—BT) behavior [Fig. 3(a)]. The up-
turn cannot be ascribed to any bulk conductivity (o) features
since the inset (I) of Fig. 2(a) has already shown the rapid de-
crease in o due to Kondo localization below T,. Furthermore,
the inset of Fig. 2(b) also indicates that, below T* (and below
T, ~40K), DC x(T) decreases. The upturnin V/(T') < 70 K
in Bi,Se; at high v = 65kHz had suggested the presence
of high-conducting surface state features. Observation of a
similar upturn in V'(T)/x(T), below T, in SmBg, suggests
the presence of a thin, high-conducting surface layer in this T
regime. Figure 3(c) shows the fit error at different 7' for SmBg
using the same fit formula of [A—BT] and (C + DT)~', where
V’(T) has been replaced by V'(T')/ x (T) in the expression of
€(T). For SmBg, €, pr)1 = 0 over ~ 2 K below 7, = 40K.
Below 38 K, €c+pT)! deviates significantly from 0, and in
this regime, €4—pr) ~ 0. It has been suggested [42,62,63] that
enhanced influence of e-e interaction effects at low 7T is a
plausible source for the observed changes in 7 dependence
of V' leading to even a low-T (< 40 K in Bi;Se3 and < 27 K
in SmByg) saturation of V'(T), as observed in Fig. 3(a). From
the comparison of surface conductivity, we see that, while the
T dependence of V' in Bi,Se; first shows +;DT] behavior
at the upturn below ~ 70 K followed by [A—BT] behavior
only < 50 K, in SmBg, V'(T) shows [A—BT] behavior over
a much wider T window which begins from just below 7.
Table II summarizes the C, D, A, and B values for SmBg and
Bizse3.

We estimate the typical thickness of the thin, high-
conducting surface layer seen below T, in SmB¢. The skin
depth § = /p/mvu, where u = puo(l + x), depends on v
as well as T-dependent p and x of the sample. For SmBg,
using our measured values of bulk resistivity p = 107>  cm
[Fig. 2(a)] and x = 10.1 x 1073 at 100 K (Sec. VI in the

Supplemental Material [50]), we estimate dsmp, (100 K) ~
25 mm at v = 4 kHz. Note that V'(T) oc A(T), with A(T) ~
s8(T), where A is the effective sample volume which is
being probed by the penetrating electromagnetic signal, and
s is the surface area of the sample. Note that A has the
same T dependence as §. At 100 K, the V’ response is
from the entire bulk of the sample. For SmBg, the estimated
6(100 K) ~ 25 mm at 100 K is much greater than the sample
thickness, ¢ of 200 um; therefore, at 100 K, A (100 K) = st.
Using V/(T) o« A(T) for SmBg, we estimate at v = 4kHz,
Ssmp, (40 K) = Vv,'g‘(?o‘fg) x t = 4.7 um, where V'(T) are the
directly measured values. Note the above method for estimat-
ing ésmp, works down to the T regime of 40 K, where there is
a dominant bulk contribution to electrical conductivity. Below
40 K, the onset of a higher-conductivity surface layer in SmBg
([A—BT] dependence of V/(T)) screens the probing signal
from most of the bulk. Therefore, < 40 K, to estimate §, we
consider surface conductivity o,(T) = oo(A—BT), where
ops 1S a constant T-independent proportionality factor, and
A, B values are determined from the linear fit to the effec-
tive conductivity response of SmBg¢ at 4 kHz [see Fig. 3(a)].

Using § = & %, where 8) = Ssmp, (40 K) and oy =

oéngKé we estimate § ~ 400 nm < 25 K (see Sec. XII in the
Supplemental Material [50] for detailed calculation and plot
of T dependence of estimated 6 for SmBg and Bi,Se3). There-
fore, in SmBg¢ for a 4 kHz pick-up measurement at low 7', the
contribution to the pick-up signal is predominantly from ~
400 nm-thick surface layer. Hence, the thin, high-conducting
surface layer we are probing at T < T, is of submicron-order
thickness. Here, we would like to mention that we have not
polished any of our crystal faces before any of our pick-up coil
measurements. Also note that the behavior of V'(T') around 7,
does not change significantly for measurements done at higher
v (see plot of V/(T') at v = 4, 8, 12, and 55 kHz in Sec. IX in
the Supplemental Material [50]).

Electrical transport studies in SmBg thin films [64,65]
suggest surface conducting features appear only < 10 K. It
is known that, in electrical transport measurements, there is
mixing of the surface and bulk conductivities in the net mea-
sured conductivity due to parallel transport channels through
the bulk and surface. Disentangling and determining the two
contributions is a fairly complex issue in such measurements.
Here, only at very low T (4 K and below), as the conducting
channels through the bulk become almost open due to high
resistance, especially in SmBg, does one begin to observe the
surface contribution to electrical conductivity. Due to these
complications, it may not always be possible to determine
at what T the onset of surface conductivity occurs in elec-
trical transport measurements. However, in our v-dependent
pick-up coil technique, we see the presence of a thin, high-
conducting surface layer appearing at T < T, in SmB¢.
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FIG. 4. Excitation frequency and I, dependence of the pick-up signal of SmBg and Bi,Sej; at different T'. (a) shows the log-log plot of V'(v)
response of Bi,Se; (blue open squares) and SmBg (black open circles) at 17 K. Red and magenta solid lines indicate V' o< v'/? and V’ o v
response of sample SmBg and Bi, Ses, respectively. (b) shows the log-log plot of V’(v) response of Bi,Se; (blue open squares) and SmBg (black
open circles) at 70 K. Orange and dark yellow solid lines indicate V' o v? response of both samples SmBg and Bi,Se;, respectively. Magenta
solid lines indicate V' o v response of both samples SmB¢ and Bi,Ses. (c) shows the scaled behavior of V'(v) response of SmBg¢ at 17 K for
different excitation currents (Iy). Inset shows the scaled behavior of V' o< v!/? seen at different T of 17, 30, 33, and 35 K, below T, =40 K.
Note that, at each T', V'(v) is measured with different excitation amplitude I, and then normalized V' /I, data are plotted vs v. (d) shows the
nonscaled nature of V’(v) response of SmBg at 55 K for different excitation currents. (¢) shows the scaled behavior of V'(v) response of SmBg
at 70 K for different excitation currents. Note that the excitation current values shown in the figures correspond to the peak value () of the

AC current in the primary excitation coil.

D. Comparison of V'(v) response of Bi,Se; and SmB¢ with
different I, at different T

It may be recalled here that the skin depth becomes small
at higher v; therefore, v studies are useful to discern between
the bulk and surface layer conducting properties. Here, we
study the frequency dependence of V' to explore the prop-
erties of the thin, high-conducting surface layer in SmBg.
Authors of studies on the frequency dependence of V' in
TI material like Bi,Se; [42,43] have shown that, at low T,
viz., in the o,-dominated regime, V'(v) oc v¥, where o ~ 1,
while in the high-T regime (> 70 K), where o, dominates,
« ~ 2. Figure 4(a) shows the V'(v) response on a log-log
scale for both SmB¢ and Bi,Se; at 17 K, measured with a
peak amplitude of the excitation current (/) = 200 mA in
the primary excitation coil. Here, the linear nature of V'(v)
with slope of 0.976 =+ 0.003 for Bi,Se; suggests V' o v (see
magenta line). However, for SmB¢ at 7 = 17K, which is
below 7,, we observe V' v!/2 [slope of red line in Fig. 4(a)
is 0.464 + 0.001]. The v dependence of V'(v) in this low-T
regime is strikingly different in the two materials. The inset of
Fig. 4(c) shows multiple datasets confirming the V'(v) pl/2
behavior at different 7’s of 17, 30, and 35 K, below 7, = 40K
in SmBg (also see Sec. X in the Supplemental Material [50]
for more T data). Figure 4(b) compares the V'(v) response
for Iy = 200 mA of SmBg¢ and Bi,Sez at 70 K (viz., at T > T,
for SmBg and inside the bulk conducting regime for Bi,Ses).
We note that, in the log-log plot of V'(v), Bi,Ses has a slope
1.838 +0.0742 (dark yellow line) which is nearly like that
for SmBg showing a slope of 2.014 £ 0.041 (orange line).

This suggests V' oc v? in the low-v regime for both materi-
als. For higher v at 70 K, we observe V’(v) oc v behavior
in both Bi;Se; and SmBg [magenta lines in Fig. 4(b)]. In
Bi,Se; at high T, the dominance of bulk contribution to
conductivity leads to V’ oc v? in the low-v regime, while at
higher v, the dominance of surface contribution to conductiv-
ity leads to V'(v) o< v [42]. Recall that authors of studies in
Bi,Ses showed that linear frequency dependence of V'(v) is
a characterizing feature of the conducting surface state in a
noninteracting conventional TI material like Bi,Ses [38,42].
In SmBg, V' (v) & v? in the low-v regime at 70 K is related
to dominant bulk contribution to conductivity. In the high-T
regime of 70 K (> Ty), as bulk contributions to conductivity
are admixed with surface conductivity features, for SmBg, it
is difficult to discern V’(v) o v from v'/? dependence. Note
that correlations have not started to develop until below 7* in
SmBg. Only at temperatures below T, where the bulk contri-
bution to conductivity diminishes significantly, is the unique
V’(v) « v!/? behavior for SmBg seen. The V'(v) « v!/2 is
a characteristic feature of the thin, high-conducting surface
layer emerging below T, in SmBg. In the discussion section,
we discuss a possible scenario for this unique v dependence of
V/(v)in SmBg. At T = 70K, we estimate the relative fraction
of bulk (P,) and surface (P;) contributions to V'(v) by fitting
itto V'(v) = Py[V,(V)]4+P[V](v)], where V,/(v) and V/ (v) are
the pick-up response from the bulk and surface, respectively.
The data fit well only in a limited frequency window where
both the surface [V](v) o v] and bulk [V}, (v) o v?] contribu-
tions are present in the behavior of V'(v) (see Sec. XIII in the
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Supplemental Material [50]). At 70 K, the fit yields for SmBg
P, = 70% and P; = 30%, whereas for Bi,Ses, P, = 51% and
P; = 49%. It may be noted that, using this analysis, the values
for P, and P; we obtain for Bi,Se; at 70 K are consistent with
those reported earlier [42].

Recall that the AC field from the excitation coil which
the sample experiences is proportional to the amplitude of
the AC current (Ip) in the excitation coil. We plot ‘I/—O VS v
in Figs. 4(c)-4(e) for different [y and at T values chosen in
regimes labeled (iii), (ii), and (i) from Fig. 1(f), respectively.
The V'(v) signal scales with Iy in regime (iii), i.e., T < T,
[Fig. 4(c)], and in regime (i), i.e., T > T* [see Fig. 4(e)].
The inset of Fig. 4(c) shows the scaled behavior of V'(v) for
different Iy at different T below T,. However, in regime (ii),
T, < T < T* [see Fig. 4(d)] for Iy < 600 mA, the data scale
up to v < 8 kHz. At v > 8 kHz, as seen in Fig. 4(d), V'(v)
deviates from the scaled curve, with -~ V dechmng and reaching
minima before resuming its 1ncreasmg trend at higher v. The
departure from scaling increases as Iy increases. The above
suggests a significant nonlinear response with varying ampli-
tude of the AC excitation current in regime (ii), viz., T, < T <
T*. In this regime, V'(v) drops rather than increasing with v
in the range of 8—12 kHz, as seen in Fig. 4(d). This nonlinear
response cannot be attributed to the heating of the sample
because then it would have been present in all three 7' regimes.
Furthermore, our noncontact measurement technique restricts
any kind of contact heating (see Sec. XIV in the Supplemental
Material [50]) and thus ensures the nonlinear response coming
inherently from the sample itself.

IV. DISCUSSION

Our measurements in SmBg enable us to distinguish be-
tween three distinct 7 regimes, viz., (i) T > T* (~ 66 K),
(i) (~40K)T, < T < T*, and (iii) T < T,. Our x(T') mea-
surements in regime (i) show the presence of Curie-Weiss
behavior with no magnetic ordering. In the 7' regime (ii),
i.e., below T*, the strong correlation effects start to develop,
and they play an important role in shaping the properties of
SmBg. Near 7*, both DC magnetization [see Fig. 2(b) inset]
and our AC two-coil pick-up measurements [see Fig. 1(f)]
show noticeable change in curvature as a result of Kondo
screening, and a weak bumplike feature in j—; is found in
electrical transport measurements (see Sec. V in the Supple-
mental Material [50]). The two-coil pick-up signal noticeably
drops in regime (ii) and reaches its minimum value at 7. In
regime (iii), despite the large increase in the bulk resistivity
below Ty, our two-coil pick-up signal recovers, revealing that
the material possesses a thin surface layer of submicron thick-
ness with high conductivity. It is worth noting that, below T,
the bulk conductivity of the sample diminishes significantly.
We observe a distinctive sublinear frequency dependence of
the pick-up signal in this 7 regime (iii), i.e., V'(v) oc v!/2.
Here, we also find a dominant linear 7 dependence of the
pick-up signal, suggesting strong correlation governing the
behavior of surface electrical conductivity below 7,. We find
that the pick-up response scales with the drive (exmtatlon)
amplitude at T < T, and at T > T* [see Figs. 4(c) and 4(e)],
whereas in between T, and T*, there is a nonscaled regime
[see Fig. 4(d)]. To understand the scattering mechanism

governing electrical transport in regime (i) (T > T*), we ap-
proximate the behavior of p(7") using a conventional Hamann
function [see Fig. 2(a) main panel and inset (I)] of the form

(T /Tie) 1+ po, where Tx is the

p(T) = pKO[l_4/1n2(T/TK)+s(s+1)7r2

Kondo temperature scale, s is the spin of the magnetic impu-
rity, pko is the proportionality constant, and py is the residual
resisitivity [56]. The data in Fig. 2(a) inset (I) fit to this func-
tion from high T to T* with fitting paramters Tx = 7.80 =+
091K, s=24=+£0.1, pgo = 0.00801 £+ 0.00009 2 cm, and
po = 0.00229 £ 0.00004 2 cm. The low-Tx value suggests
weak exchange interaction between conduction electrons with
a dilute density of uncorrelated magnetized impurities. Below
T*, the deviation of the measured p(7) from the Hamann
function fit shows a failure of single-impurity model in regime
(ii). In regime (ii) at 7 < T*, there is a gradual onset of
Kondo hybridization between the Sm ion moments and the
itinerant electrons in SmBg, and one can no longer consider
the magnetic ions as dilute, i.e., independent. Below T* at
T, = 40 K, a uniform Kondo gap develops across the bulk of
the sample. We recall here that earlier transport measurements
in SmBg¢ [4,5,14,15,54] also reported seeing a bulk Kondo
gap-opening temperature in the range of 30-50 K, which
is consistent with our 7, value of 40 K. It is interesting to
note here that, contrary to us, authors of earlier transport
studies have suggested the presence of a high-conducting
state only at very low 7, typically well below 10 K. In the
context of our regime (ii), scanning tunneling spectroscopy
(STS) measurements in SmBg [55] showed suppression in
the density of states and a gaplike feature emerging in their
spectra from ~ 60 K, which is like our 7* scale. The STS
spectra show an evolution with lowering of 7. The gap-
like feature which begins developing from 60 K becomes a
robust Kondo hybridization gap at 40 K, which is like our 7.
Furthermore, like our study, from point contact spectroscopy,
one can also identify three different temperature regimes [23].
At T > 90 K, the highly symmetric conductance spectra with
negligible T dependence is marked as the regime of weak
interaction between the electrons and the local moments [23].
The temperature range of 90-30 K is described as a single-ion
resonance regime where the zero bias conductance is sup-
pressed, and asymmetry starts to develop in the conductance
spectra. Below 30 K, the highly asymmetric conductance
spectra suggest the emergence of Kondo hybridization due
to strong correlation [23]. Here, our regime (i) is consistent
with the weak interaction regime reported in the spectroscopy
studies [23]. In regime (ii), i.e., T, < T < T*, the strong
f-d exchange interaction at Sm ion sites dominates over the
weaker electron-impurity ion exchange interaction (which is
present above 7*). We would like to mention that there may be
a mismatch between our temperature scales and those reported
in the literature [1,5,15,23,30,55], which is due to differences
in sample quality that affect the location of the temperature
scales. With the bulk fully gapped at T, we see the presence of
a thin, high-conducting surface layer contribution to conduc-
tivity in the vicinity of T, in our pick-up coil measurements. It
is interesting to note here that ARPES in SmBg¢ [20] showed
dispersive states which are of surface origin within the Kondo
hybridization gap. A well-formed Kondo gap feature is seen
at 40 K, which is like our 7, value. ARPES [20] further
suggested that these states may be present even at 7 > 40 K.
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It also indicated that these states with surface origin possess
chirality of the orbital angular momentum [20]. In this paper,
we imply that the thin surface layer we observe at T < T,
possesses high surface conductivity. Strong correlation effects
modify the scattering, leading to observed linear 7 depen-
dence of the surface conductivity below 7.

We discuss here a few possible scenarios related to the
observed 7 and v dependence of V' in SmBg below 7,. The
total AC conductivity oy (@ = 27v) = ops(®) + T.—.(w),
where ops(w) = (lfi‘zﬂ)[ 1+>02, ﬁ] is the Drude-
Smith (DS) conductivity which also considers the effect of
multiple scattering events on the conductivity [66,67], oy is
the conventional Drude DC conductivity, T is the time in-
terval between two consecutive scattering, ¢, represents the
fraction of the original velocity of the carrier that is retained
after the nth scattering (n is an integer), and o,_.(w) is the
conductivity in the presence of strong electron-electron in-
teraction effects. The first term in ops(w) is op(w). Note
that higher-order contributions from scattering (z > 1) in
ops(w) have progressively decreasing weights and conse-
quently much weaker contribution to the surface conductivity.
While the linear v dependence of V' at low T in Bi,Se;
was explained earlier [42] by considering topological surface
state contributions (viz., wt 3> 1) to the leading-order term in
ops(w), V' o v!/? behavior in SmBg below T, cannot be ex-
plained by the higher-order terms in ops(w) alone. In this con-
text, one possible scenario to consider is the effect of strong
e-e interactions [68—71], which are known to produce nonin-
tegral v dependence of 0,_.(w = 27 v) of the type o,_.(w) x

[ln(% )]3(":’ ). At T < T,, we observe a noninteger exponent in
the v dependence of V', viz., V' « 1z, Concomitantly, below
T,, we also observe unusual [A—BT] behavior in V'(T). It
is possible that, in SmBg, these features are associated with
emergence of a high-conducting surface layer [9,14,23,28,
72-74] together with strong f-f electron correlations effects.
We would like to mention that the above is suggested as a
probable scenario. These results suggest the need for further
theoretical investigations to explore mechanisms related to
v!/2 behavior. In our T regime (ii), which is between T* and
T,, it is likely that the interplay of the emerging bulk Kondo
hybridized state and the emerging highly conductive strongly

correlated surface layer conductivity results in the observed
nonscaling behavior of V'(v)/Iy [cf. Fig. 4(d)]. Our findings
and the discussion above lead us to consider that SmBg has
signatures of weak interactions above 7*, where the transport
is dominated by scattering from dilute magnetic ions. At T <
T*, a strongly correlated Kondo hybridization state between
the localized Sm ion moments and the itinerant electrons
progressively takes hold. At 7,, a Kondo hybridization gap
uniformly opens throughout most of the sample. It is probable
that the strongly correlated surface layer response is present
above T, and it begins to affect the conductivity of SmBg be-
tween T* and T,. However, we clearly detect the emergence of
a thin, high-conducting surface layer in SmBg from just below
T, when the bulk electrical conductivity rapidly diminishes
due to the opening of the Kondo gap in bulk of the material.

V. CONCLUSIONS

In conclusion, through careful comparison with a con-
ventional TI material Bi,Se;, we identify three distinct
temperature regimes of bulk Kondo gap formation in SmBg.
The process sets in from below a temperature scale 7%, and
the uniform gap appears across the entire bulk only below 7.
Simultaneously, in the vicinity of T, the features of a strongly
correlated thin, high-conducting surface layer begin to emerge
in SmBg. More detailed experimental and theoretical inves-
tigations are needed in the future to probe these regimes in
strongly interacting TI materials.
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