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Pure topological insulating materials preserve a unique electronic state comprised of a bulk insulating
gap and conducting surface states. We use bulk Bi,Ses single crystals possessing Se vacancy defects as
a prototype topological insulator (TT) material for exploring the effect of nonmagnetic disorder on the
conducting properties of TIs. We employ a sensitive, noncontact mutual-inductance-based technique for
measuring the surface and bulk contributions to electrical conductivity in the TI. We discern the bulk
and surface contributions by observing that the predominant surface electrical conduction shows a linear
frequency dependence of the pickup signal while bulk conductivity gives rise to a quadratic frequency
dependence. We also observe an algebraic temperature-dependent surface conductivity and an activated
form of bulk electrical conductivity. Using the above, we uncover an interplay between surface and bulk
contributions to electrical conductivity in the TI as a function of temperature. In the Bi,Se; crystals, the
transformation from surface to bulk-dominated electrical transport is found to occur close to a temperature
of 70 K. This temperature matches well with our results from activated bulk electrical transport results,
which show an activation energy scale A, which is in the meV range. The gap A is much less than the bulk
band gap in Bi,Ses, which we argue is associated with defect states in the TI material. To understand our
results, we propose a model of TI comprised of an inhomogeneous low electrically conducting medium
(bulk), which is sandwiched between two thin high electrically conducting sheets (surface). We argue that
the inhomogeneous T1 state is generated by selenium vacancy defects in Bi,Ses, which are responsible for
producing an interplay between bulk and surface conductivities.
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I. INTRODUCTION

In recent times, new materials such as three-dimensional
(3D) topological insulators, exhibit a topologically pro-
tected bulk gapped state enclosed by a conducting surface
state [1-6]. Herein, no continuous variation of the lat-
tice parameter can change the unique character of the
electronic states in these materials. These gapless surface
states in a topological insulator (TI) exhibit Dirac-like
linear energy-momentum dispersion [7,8], chiral spin tex-
ture [5], and Landau level quantization [9]. Materials such
as Bi;Se;, Bi;Tes;, and Bij_4Sby are among the most
well studied three-dimensional TIs [2,7,10]. The charac-
teristic TI properties have been confirmed via different
techniques such as angle-resolved photoemission spec-
troscopy (ARPES) [3,5,11,12], Shubnikov-de Haas (SdH)
oscillations, [13,14] STM, and transport studies [2,15].
Spin momentum locking in a TI causes chiral currents
to flow, which are unaffected by scattering from disorder
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[1,2,15,16]. Recent developments of pump probe tech-
niques to study spin momentum locking [17] reveal that
TIs are important from the point of view of spintronics and
quantum computation applications [18—20]. While pristine
TIs are important, it is also important to explore how the TI
state is affected in the presence of material defects. While
the presence of magnetic impurities will lead to breaking
time reversal symmetry and hence destroy the T1I state, the
issue of how nonmagnetic disorder affects the TI state is
worth investigating.

To study the effect of disorder on T1I, the popular Bi,Se;
crystals are a suitable choice as they intrinsically pos-
sess Se vacancies, which are a natural source of disor-
der in this material. The TI nature of Bi,Se; has been
identified through magnetotransport studies, which con-
firm the presence of conducting surface states through the
observation of SdH oscillations and weak antilocalization
effects [16,21-25]. In Bi;Ses, the bulk insulating gap has
been estimated to be approximately 300 meV [7,10,26,27].
However, the presence of Se vacancy electrons dopes the
material [28-30], thereby enhancing the bulk electrical
conductivity. The resulting parallel conducting channels
through the surface and bulk make it difficult to explore
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the details of the individual bulk and surface state con-
tributions to electrical conductivity in these TI materials
[6,31,32]. In such materials, the surface states have been
identified either by suppressing the defect-induced bulk
conductivity through counter doping [7,15] or by com-
paring changes in the conducting properties as a function
of the thickness of TI thin films [21-23,33,34]. Without
counter doping, the issue of investigating how Se vacan-
cies affect the TI state in Bi;Se; single crystals is none the
less important. Studies show that increasing the Se vacancy
concentration weakens the SdH oscillations, which is a fin-
gerprint of the conducting surface states characterizing a
TI [21-24,33-36]. The SdH oscillations in magnetotrans-
port are typically measurable at a low temperature and
high magnetic field regime. Hence, due to the limitations
of the transport studies mentioned above, while the pres-
ence of disorder such as Se vacancies seem to weaken
the TI state, the details of exactly how the surface and
bulk conductivities are affected by disorder and modified
by Se vacancies still remain unclear. Furthermore, stud-
ies have shown that degradation of the surface of Bi,Ses,
for example, due to oxidation of the surfaces, causes band
bending of the surface states extending up to 20 nm into
the bulk [37,38]. Hence, there is a need for a technique
that distinguishes between bulk and surface contributions
to electrical conductivity in a TI. We report here a noncon-
tact measurement technique of shielding currents induced
in a TT using a two-coil mutual-inductance setup. We study
the frequency (f) and temperature (7)) dependence of the
pickup voltage from five single crystals of different thick-
nesses of BiySe; placed between the coils. The pickup
voltage shows two distinct regimes of frequency depen-
dence (viz., quadratic and linear regimes). We show that
the quadratic frequency dependence is associated with bulk
electrical conductivity in the TI while the linear frequency
dependence regime is associated with surface conductivity
in the TI. As a function of temperature, we show that below
70 K, the frequency dependence of the pickup voltage is
predominantly linear while it becomes quadratic at higher
T. Analysis of the data also shows that below 70 K, we
identify an algebraic temperature-dependent electrical con-
ductivity regime that saturates at low temperatures, while
above 70 K, electrical conductivity is of a thermally acti-
vated type with a thermal activation energy scale (A) of
tens of meV. From our study, we identify four distinct
temperature regimes for the Bi,Se; crystal, identifying the
crossover between different surface- and bulk-dominated
conductivity regimes. At high temperatures above 180 K,
we observe the unusual return of surface-dominated con-
ductivity (o) coexisting with bulk conductivity (o) in the
material. To understand our results, we propose a simpli-
fied model of a TI, comprised of a low-conducting bulk
sandwiched between two high-conducting surface sheets.
Our simulations show surface and bulk conductivity val-
ues in the Bi,Ses crystals to be of the order of 10! S/m and

10° S/m, respectively. While this minimal model explains
the overall features of the data and offers a way to esti-
mate the surface and bulk electrical conductivities of the TI
from the measurements, it does not match the data exactly.
A better agreement with the data is obtained by consid-
ering an inhomogeneous TI state. Inhomogeneous TI is
modeled by incorporating in the minimal model conduct-
ing channels threading the low-conducting bulk medium.
The model fits our experimental data by introducing an
inhomogeneity of 30%. The inhomogeneous TI state we
argue is a result of disorder in the TI bulk, generated
by selenium vacancies. Excess charge carriers produced
by Se vacancies produce the gap of approximately A,
which results in an interplay between bulk and surface
conductivities.

II. EXPERIMENTAL DETAILS: TRANSPORT
MEASUREMENT OF Bi,Se; SINGLE CRYSTALS

For our study, we use single crystals of Bi,Ses prepared
by slow cooling stoichiometric melts of high-purity bis-
muth (Bi) and selenium (Se) powders [for details see Refs.
[35,36]]. In this work, we have investigated the surface
and bulk conductivities across five different single crystals
belonging to the same batch of Bi,Ses crystals grown (with
similar electrical transport characteristics, for example, see
Fig. 1). The thicknesses (surface areas) of the crystals
are, 20 um (2.4 x 1.9 mm?) (hence forth referred to as
the S20 sample), 51 um (S51) (2.8 x2.5mm?), 69 um
(569) (3.9 x 2.5 mm?), 75 um (S75) (3.7 x 2.6 mm?),
and 82 um (S82) (3.2 x 2.8 mm?). The electrical trans-
port measurements shown in Fig. 1 are on a Bi,Ses single
crystal with a thickness of 70 pum. Note that as trans-
port measurements involve the making of electrical con-
tacts on the sample, which introduce irreversible physical
changes in the sample, hence for our noncontact mea-
surements (which is the main topic of our manuscript)
and transport measurements (here and Refs. [35,36]), we
are compelled to use different samples for the two mea-
surements, albeit chosen from the same batch of single
crystals grown with similar sample thicknesses. Figure 1(a)
shows distinct SdH oscillation in longitudinal magnetore-
sistance [R,, vs magnetic field (B)] measurements at differ-
ent temperatures using standard Van der Pauw geometry.
The low-temperature SdH oscillations, which weaken with
increasing 7, indicate the topological character of conduct-
ing surface states in Tl at low 7'[13,14,21-23,35,36] (more
detailed analysis of the transport data is shown elsewhere
[35,36]). The figure shows that the topological charac-
ter of transport is progressively affected with increasing
T. The Berry phase (¢) is calculated from the Lifshitz-
Kosevich (LK) fitting and the value is close to = at low
T, which suggests the SdH oscillation arises from a surface
Dirac electron [see inset of Fig. 1(b) and is discussed in
a later section]. The destruction of the SdH oscillations is
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FIG. 1. (a) Inset shows the variation of R,, as a func-

tion of magnetic field B measured in the standard Van der
Pauw geometry at 3 K, 4.2 K, 7 K, 10 K, and 25 K (see
legends in the main panel). The main panel shows AR,
vs 1/B plot showing SdH oscillations in Bi,Se; (sample
thickness 70 um) at different temperatures. AR,, is calcu-
lated by subtracting from the experimental R,.(B) values a
polynomial fit to the data (Rp,y (B), where B is the mag-
netic field. The data is fitted to Ryoy(B) = Ry + RiB + Ry B2,
where Ry=926x10"% Q, R =-171x10"° Q@ T,
Ry=291x107 @ T2 The LK equation is used to fit
the AR,, data at 4.2 K, which is shown by the black solid
line. For fitting to the magnetoresistance data in Fig. 1(a),
following Ref. [35] and the values therein, we use ARy, =
av/0.011B[(11.12/B)/ sinh(11.12/B)]e” """ (0.95) cos[27
{(F/B) + B}]. In this equation, @ =0.0135 Q and F and B are
the fitting parameters. A fit to the data [see black solid line
in Fig. 1(a)] gives F=46.95+£0.25 T and §=0.43. (b) Hall
measurement of the transverse resistance R, vs B at different
temperatures. The sample used in the above measurements has a
thickness of approximately 70 um. Inset shows the Berry phase
as a function of temperature, which is measured from the phase
of the LK equation (viz., ¢ = 27p).

identified with the onset of bulk contribution to the elec-
trical conductivity. Figure 1(b) shows the Hall resistance
(R,,) measurement as a function of magnetic field (B) at
different temperatures. This measurement establishes elec-
trons as the charge carriers in these Bi,Se; samples. It
may be recalled that electrical transport measurement stud-
ies have shown that Se vacancies lead to weakening the
SdH oscillations [35,36]. Recent studies show a correlation
between positron annihilation lifetime with Se vacancy
concentration in Bi;Ses. These studies, performed on this
batch of samples, show Se vacancy concentrations are in
the range of 10'7 cm~3 [35]. From these SdH measure-
ments at low 7 and high B, it is, however, difficult to
determine the extent of surface and bulk contributions to
conductivity, and hence study how it is affected by either
T or disorder variation present either on the surface or
bulk of the material (note, we shall return to this issue in
the discussion section). As mentioned earlier, the appear-
ance of finite bulk conductivity in the Bi;Se; sample with
Se vacancies mixes the surface and bulk contributions to
electrical conductivity making it difficult to discern the
individual contributions. In the next section, we discuss
a noncontact measurement technique, which allows us

to distinguish between the two contributions to electrical
conductivity.

1. TWO-COIL MUTUAL-INDUCTANCE
MEASUREMENT SETUP: NONCONTACT
MEASUREMENT

To characterize the surface and bulk states of TI, we use
a modified noncontact two-coil mutual-inductance mea-
surement technique. The two-coil mutual-inductance tech-
nique is well-established experimentally [39—42] and it
is sensitive enough to experimentally study the shielding
response of superconductors, especially in situations when
it becomes weak such as that near the critical tempera-
ture of a superconductor. The technique has been analyzed
theoretically to determine the nature of the field and cur-
rent distributions generated in the sample placed within
the two-coil configuration by incorporating the effects of
skin depth or penetration depth [43—45] and studying the
behavior of the pickup signal generated. Note that whereas
in conventional electrical transport measurement the Joule
heating at electrical contacts complicates temperature-
dependent conductivity measurements, here, such issues
are avoided through our noncontact two-coil mutual-
inductance measurement technique. Figure 2(a) shows the
schematic of our setup where a crystal is placed between
an excitation coil and a pickup coil. Both coils are designed
with very closely matched coil parameters (for details on
coil dimensions and other parameters see S1 within the
Supplemental Material [46]). The data for all our pickup
measurements corresponds to an ac current of amplitude
153 mA applied to the excitation coil (corresponding to
a volt drop across the coil) at frequency f, and the real
and imaginary components of the pickup voltage from the
pickup coil are measured using a lock-in amplifier. Mea-
surements at higher ac excitation current amplitudes yield
similar results. In S1 within the Supplemental Material
(Ref. [46]), we show the linear relationship between the
excitation current in the coil and the pickup voltage for
an S20 sample at 65 kHz excitation frequency. The excita-
tion current generates a time-varying magnetic field, which
induces currents inside the conducting sample that in turn
lead to a time-varying magnetic field associated with the
sample. This local field induces a voltage in the pickup
coil that is being measured. Effectively, one considers that
the presence of a sample between the two coils modifies
the mutual inductance. Variations in the sample properties
change the signal induced in the pickup coil. One may note
that voltage is induced in the pickup coil not only from
time-varying magnetic fields associated with the sample,
but also via the stray magnetic fields present outside the
sample. These stray field-induced pickup voltage signals
can often lead to a large background signal, which masks
the signal from the sample if it is weak. In order to signifi-
cantly reduce this stray field effect between the dipolar coil
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FIG. 2. (a) Schematic diagram of the two-coil mutual-inductance setup is shown. (b),(c) Show the simulated normal component of

the ac magnetic field (B7) distribution for the two cases. The outline of the solid excitation coil bobbin is shown in yellow. In (b), only
a solid Cu sheet (orange) is placed above the excitation coil and in (c), a Cu sheet with a hole at the center is placed over the coil. The
sample is placed above the hole in the Cu sheet. These simulations are performed using COMSOL with a 150 mA ac current at 60 kHz
sent through the excitation coil. (d) Shows the simulated B, vs r profile as measured across the black dashed line shown in (¢) (r=0
is the central (z) axis of the excitation coil bobbin), for three different cases: (i) without any Cu sheet above the pickup coil, (ii) Cu
sheet with a hole, (iii) Cu sheet with no hole. The inset of (d) shows the schematic of the circular Cu sheet with a hole placed over the
top of the excitation coil. (e) The superconducting transition of iron pnictide single crystal, BaFe; 3sCoy.15As,, is shown. The figure
depicts the behavior of the real (left axis) and imaginary (right axis) components of the pickup voltage as a function of temperature.
The BaFe, gsCo.15As; crystal dimension is 3.2 x 2.4 x 0.5 mm?>. The 7, which is approximately 24.7 & 0.2 K, is indicated with the
green dash line. A similar 7, value of this sample is observed through bulk magnetization measurement on a superconducting quantum

interference device (SQUID) magnetometer.

assembly, a 1.5-mm thick oxygen-free high-thermal con-
ductivity Cu (OFHC) sheet (resistivity of approximately
1.7 x 10~®  m) with a hole at its center [see Fig. 2(a)], is
placed coaxially above the excitation coil. The hole diam-
eter (2 mm) is chosen such that it does not exceed the
sample surface dimensions (the sample is placed above the
Cu sheet covering the hole). Note that the OFHC Cu sheet
thickness (1.5 mm) is larger than its skin depth, which at
60 kHz is 0.27 mm and at 5 kHz is 0.92 mm. The high-
conductivity thick OFHC Cu sheet shields the alternating
magnetic field generated by the excitation coil, except over
the hole. The electromagnetic shielding provided by the
thick Cu sheet helps to reduce the stray flux linkage out-
side the sample, while the hole in the sheet concentrates
the magnetic flux on the sample. Therefore, the Cu sheet
with the hole effectively enhances the coupling of the two
coils via the sample in between and the effects of the stray
field are minimized. In Figs. 2(b) and 2(c), the colored
regions represent the simulated vertical (z) component of
the ac magnetic field distribution (B;) around the excitation
coil (for simulation details, see S2 within the Supplemen-
tal Material [46]). Figure 2(c) shows the concentration of
magnetic flux above the hole in the Cu plate. In Fig. 2(d),
the simulated B, profile measured above the coil [black

dashed line in Fig. 2(c)] shows the significant concentra-
tion of magnetic flux above the hole in the Cu sheet. The
sample, when placed above the Cu sheet, experiences this
concentrated oscillating magnetic field and the oscillating
magnetic field induces a voltage in the pickup coil volt-
age. Figure 2(c) shows that due to the hole in the copper
sheet, the central field (amplitude of the ac field) within
the coil above the hole is increased by almost a factor of
two compared to the field above the solid Cu sheet outside
the hole. We thus achieve almost a two times increase in
the signal induced within the pickup coil due to the use
of the thick copper sheet with a hole. When the sample,
which is slightly larger than the hole diameter, is placed
over the hole in the Cu sheet, then due to the enhancement
in the field over the hole, a stronger signal emanates pref-
erentially from the sample, which induces a voltage in the
pickup coil. Thus, by using the hole in the Cu sheet, we
obtain a signal that is preferentially emanating from the
sample. Without the use of a Cu sheet with hole (viz., with-
out any Cu sheet), the Fig. 2(d) (see green curve) shows the
field is uniformly strong over within the entire coil area. In
this configuration, if a sample is placed between the coil
and the magnetic susceptibility of the sample is not high,
then the signal induced in the coil will get buried in the
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background signal. Here, the background signal emanates
from the time varying magnetic flux in regions outside
the sample area, which induces voltage in the pickup coil
apart from the signal induced by the sample. Hence, the
use of the Cu sheet with the hole concentrates the mag-
netic flux over the sample area, which, therefore, helps to
induce a stronger signal in the pickup coil emanating from
the sample. The use of the Cu sheet also helps to signifi-
cantly reduce the stray field coupling from outside the coil
area as the thick Cu sheet electromagnetically shields the
alternating ac magnetic field and thereby further reduces
the background signal outside the sample. This modifica-
tion enhances the sensitivity of the two-coil configuration
in measuring the magnetic response of the sample com-
pared to the conventional configuration without the copper
sheet with the hole. During the measurements with TI, we
balance out the imaginary part of the signal as it does not
change significantly during measurements. Furthermore,
we would like to emphasize that for all our measurements,
we subtract the background voltage at all temperatures and
frequencies by measuring the pickup signal without a sam-
ple and with only the Cu sheet with a hole placed between
the coils.

We test the performance of the setup using a supercon-
ducting sample as its shielding response is well known.
Figure 2(e) illustrates the performance of our setup by
measuring the ac susceptibility response of a supercon-
ducting single crystal, viz., an optimally doped iron pnic-
tide crystal (BaFe; g5Cog.15As,), which is placed above
the hole in the Cu sheet. Due to the strong supercon-
ducting diamagnetic shielding of the ac magnetic field,
[Fig. 2(e)], we see the rapid drop in the in-phase signal
in the pickup coil (V') at T < T,.. Near T,, we also see the
expected peak in the out-of-phase signal (). To identify
the negative signal below the transition temperature, we

subtract the data from the saturation value above 7, The
superconducting transition temperature 7, estimated from
the peak position in V" is 24.7 K, which compares well
with the 7, reported for this stoichiometry [47,48]. The
observation in Fig. 2(e) is that at the characteristic tempera-
ture 7, there is a sharp change in the background-corrected
V' signal (viz., the diamagnetic shielding response) and V"
signal (viz., the dissipation response), which suggests that
these features cannot be related to features associated with
the background signal (when no sample is present and only
the Cu sheet with the hole is present). The behavior of the
background signal of the two-coil setup (with only the Cu
sheet placed between the hole) is simulated and the pickup
voltage signal due to the solid Cu sheet is shown in the
Supplemental Material (see S3 within the Supplemental
Material [46]). The close match between the experimen-
tally measured background signal with the simulated data
(S3 within the Supplemental Material [46]) shows that
the background signal can be explained using standard
Maxwell’s equations for a metallic conductor. There is
nothing in the equations that can cause a nonmonotonic
change in the background signal.

IV. STUDYING THE SHIELDING RESPONSE OF A
Bi;Se; SINGLE CRYSTAL AT DIFFERENT f
AND T

Figure 3(a) shows the V(f) measured for the S69
Bi;Se; sample at different temperatures, where V(f) =
V() + V() =~ V(f), as for these TI crystals,
V' (f) < V'(f). Inthe figure, one can identify two regimes
of behavior in V(f), namely, one in the low-frequency
regime where V(1) ocf ? (see red dotted line through the
data), and the other in the higher frequency regime where
V(f) o< f% (where @« =0.910.05) (see black solid line

@) S—
F sE 40K Y1 220K 14
ozt & & 1
o b okl i B s,
> 6_ 0 20 40 60 0 20 40 60 _{
=3l s :

T R 11

60 120 180 240
T(K)

o2,

20 40
f (kHz)

FIG. 3. (a) Shows V(f) responses at higher temperatures, 150 K, 90 K, 80 K, and 70 K (from top to bottom curves). The quadratic
(V(f) o f?) and nearly linear (V(f) o< /¢, where a =0.9 4 0.05) regions are shown by the dotted red line and solid black line,
respectively. Insets show pickup response at 40 K and 220 K (¥ is measured from V(T) scan at different frequencies). For both
40 K and 220 K above 20 kHz, V' is increasing linearly with frequency. All data in the figures correspond to an excitation current
of 153 mA in the excitation coil. (b) Variation of pickup voltage (V) with temperature (7) for sample S69 at frequency 65 kHz. Red
dotted line is the fitted line corresponding to bulk conductivity [viz., V o< Vpg exp(—A /K, T)] and the black line is fitted with surface
conductivity, that is, ¥ o< (1/(C’ + D'T). The fitting parameters are C' =0.0052 mV~!, D’ =1.86 mV~! K~!, 7, =18.7 mV, and A
is (25.2 £ 1.25) meV. (c) The behavior of the pickup voltage with frequency is plotted at different low temperatures (15 K, 20 K, and
25K).
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to the data). The V(T) data in Fig. 3(b) shows that the
pickup voltage saturates to a constant value at a low T
up to 40 K. Above 40 K to 70 K, the V(T) data fits
(solid black line) with o,(T) = 1/(C + DT) where C is
related to static disorder scattering and D to electron-
phonon coupling strength. While above 70 K to 170 K, the
data fits (red dashed line) with 05 (T) = opeexp(—A /KpT),
A~252+1.25 meV, where A is the activation energy
scale and oy is the high-temperature conductance of the
bulk state. Above the temperature of 170 K, the data
deviates from the thermally activated behavior, which is
present between 70 K and 170 K. Figure 3(c) shows that
V(f) is linear over a wide frequency regime at 7 <40 K.
The inset of Fig. 3(a) shows that at 40 K, V(f) increases
linearly with f for the entire frequency range. At 220 K
[see Fig. 3(a) inset], V(f) is not quadratic but V(f) o /¢
above 20 kHz, where o ~ 1 (viz., almost linearly depen-
dent). Between 70 K and 170 K, V(f) o f 2 for f< 20 kHz
and V(f) o f*, where o ~ 1 for higher frequencies. Iden-
tical features at different f/* and 7T are shown in the Supple-
mental Material [46] for other samples as well (see S4, S5,
S6, S7, and S8 within the Supplemental Material [46]).

We would like to mention that the pickup signal at low f
is less than that at 70 kHz in a frequency-dependent mea-
surement or it is less at low 7 compared to that above
300 K in a T-dependent measurement. Therefore, while
measuring the pickup signal as a function of f or 7, one
can balance out the signal above 70 kHz or 300 K to note
the negative sign of the pickup signal corresponding to the
diamagnetic nature of Bi,Se;.

V. UNDERSTANDING THE FREQUENCY
DEPENDENCE OF THE PICKUP SIGNAL

To understand the above frequency dependence of the
pickup voltage, we recall that the ac magnetic field pro-
duced from the excitation current in the primary induces

= ===
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screening currents extending up to different depths inside
the conducting TI sample (skin depth). The magnetic field
generated from the sample by these induced screening cur-
rents couples with the pickup coils to induce a pickup
voltage. It is known that the depth up to which the currents
are induced in the sample depends on the frequency of the
ac field. At low frequencies, as the ac excitation penetrates
deeper into the bulk of the sample (due to large skin depth),
the bulk properties in the TI sample are probed with a low
/- The schematic of the distribution of the magnitude of the
induced screening current (/inquceq) across the sample cross
section is shown in Figs. 4(a) and 4(b) for low frequency
and high frequency, respectively. The expression for skin
depth (8) is +/1/maf 1, where w is the permeability of
Bi,Se;. At high frequency Fig. 4(b), screening currents
circulate within the high-conductivity surfaces. We show
in S11 within the Supplemental Material [46], a simula-
tion showing the attenuation of an impinging em signal is
governed by the high-conducting surface sheath in the TI
material. Hence, the properties of the surface state of the
TI is probed at high f. At low frequency [Fig. 4(a)], the
induced current circulates in the bulk of the sample. In Fig.
4(c), we plot the pickup voltage versus the sample surface
area for all five samples having varied thicknesses. Note
that above 120 K at 5 kHz as the current induces in the
bulk of the sample, the pickup signal saturates to a value
close to 1 mV for all samples, which shows no scaling with
surface area. In fact, at high frequency and low 7" (65 kHz
and 25 K) as the highly conducting surface states are effec-
tively probed, the pickup voltage scales with the sample
surface area. At low T, numerous studies [13,14,21,22] as
well as the SdH oscillation in Fig. 1(a) confirm the domi-
nance of surface conductivity in the TI. In this regime, the
observation of V(f) o f *,where o ~ 1, suggests the linear
frequency dependence of pickup voltage V(f) is related to
the contribution to electrical conduction from the surface
state of the TI. The emergence of the V(f) o f? at low

i [ ]
E, s b&” ’ ]

Surface area (mm”)

(a) Shows the schematic of the magnitude of the induced current distribution across the sample cross section at a lower

frequency. The induced current is shown to flow across the entire volume of the sample. The ac excitation magnetic field in the
primary is shown in blue while the field induced in the pickup coils through the currents induced in the sample is shown in red. A
schematic plot of the induced current profile across the sample cross section at different / is shown. (b) Shows at a higher frequency
the nature of the induced current distribution, which flows only in the TI’s high conducting surface states. The nature of the excitation
field in the excitation coil (blue) and the induced field in the pickup coil (red) are also shown. (c) Shows the pickup voltage response

with sample surface area at 5 kHz, 160 K and 65 kHz, 25 K.
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frequency and higher T is related to the bulk contribution
to conductivity, where V(7T) shows a thermally activated
behavior.

Atlow T, our transport measurements in Fig. 1 as well as
past observations [13,14,21,22] have confirmed the domi-
nance of surface contribution to conductivity at low 7T in
the TI. In this low T regime, our pickup signal exhibits
a linear frequency-dependent regime. This suggests that
the linear frequency dependence of the pickup signal is
related to the surface conducting state in the TI. Similarly,
at high 7, the observation from our transport measurements
and those of other measurements [21,22] of the emergence
of bulk conducting response coincide with the observed
quadratic dependence at low frequencies of the pickup
signal. Therefore, this quadratic frequency-dependence at
low frequency of the pickup signifies the emergence of
bulk contribution to electrical conductivity. Another pos-
sible explanation for the observed frequency dependence
is given as follows: The pickup voltage develops due to
the current induced in the sample. These induced currents
depend on the electrical conductivity of the sample. Based
on the above discussion, the electrical conductivity of
the TI has two contributions, 0,(7T) = opeexp(—(A /K, T))
and o,(7) = !/«c+pn. The pickup voltage is given by (see
S9 within the Supplemental Material [46] for detailed
calculation)

1 os [0 1
Vockup (0) = £ (r,2) DasPe ™ [ 2 Tob }

C+ DT  eA/KT| 1 +iwt’
(1)

where &(r, z) is a geometric factor, which is a function
of the pickup coil radius (») and the height between the
two coils (z), ® is the magnetic flux passing through the
sample, T is scattering time scale, and w = 2z f. Terahertz
spectroscopy measurements [49,50] show that the bulk and
surface have different values of scattering time scale 7.
Hence, we assume two different limits in Eq. (1) (see S9
within the Supplemental Material [46] for details). When
the bulk state dominates in conduction, we use a limit
ft <« 1. Under this assumption, Eq. (1) gives us

Viickap (f ) & @0k (r,2)f 2e ™ ary. 2)

If the surface state starts to dominate in conduction, using
the limit /'t > 1, Eq. (1) shows V(f) « f'%, viz.,

Voickup(f') ~ ®ok (r,z)e o f 3)

Figure 5(a) shows the V(T) measurements of Fig. 3(b) for
the S69 sample. The data is fitted with the expression

V(T) = Psurface[Eq~(3)] + Pbulk[Eq~(2)]a (4)

where Pgyface and Ppux are mean fractions of the sur-
face and bulk contributions to the pickup voltage with
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FIG. 5. (a) The W(T) response for sample S69 is shown in
red circles for 65 kHz frequency. The solid yellow line is the
fit to the data done using Eq. (4). Four distinct regions (I-1V)
are shown with four different colors (see text for details). (b)
A schematic showing the bulk conduction and valence bands
as well as the surface states. The schematic on the right is an
expanded portion of the left schematic. The violet curve in the
right schematic shows upward band bending of the conducting
band toward the Fermi energy of the surface state due to Se
vacancies. The forward channel (Forward Ch.) is associated with
electrons migrating from the bulk to the surface, the reverse chan-
nel (Reverse Ch.) is associated with electrons being thermally
activated from the surface into the bulk. Black lines show the
Dirac cone associated with the surface states. The Fermi energy
is shown by the red dotted line. The green region represents the
defect states produced by the Se vacancies. The activation energy
gap (A) is between the defect state and minima of the conduction
band. (c) Activation energy gap (A) calculated from our model
is plotted as a function of bulk carrier (npyk). The npyy is calcu-
lated using npux = 05/ (d)e, where p(d) = 3000/[1+140/a)] [23] is
the thickness () dependent mobility and o', ~ 10° S/m (based on
the value used in the simulations above).

Pgurtace + Pouik = 1. Note the T dependence of o and o
has already been shown by the black line and red dashed
line in Fig. 3(b), respectively. The S69 data in Fig. 5(a) fits
with Pgyrface = 35%, Ppuic = 65%. Note that at 65 kHz, the
Pgurface 18 sensitive to the thin conducting regions within
the sample where shielding currents are induced by the
ac field. The minima in V(7T) at 70 K [Fig. 5(a)] suggests
regions in the TI, which exhibit predominantly surface
conductivity responses at low T [Fig. 3(c)], with increasing
T begin to display bulk conductivity. The surface contri-
bution is gradually degraded by transport channels being
created in the bulk. As a result, we see only an average 35%
contribution to the total conductivity from the surface.
The fitting in Fig. 5(a) shows that at high T above
170 K, there is a deviation from the Eq. (4) fit and the V(T)
becomes weakly temperature dependent. We have found in
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all the samples, the V(f) at high temperatures exhibits lin-
ear and quadratic frequency dependence at high and low
frequencies, respectively [eg., see 150 K data in Fig. 3(a)].
This behavior suggests the presence of surface conductiv-
ity coexisting with a bulk conducting regime in the sample
even at high temperatures. The temperature dependence
of M(T) below 70 K in Figs. 3(b) and 5(a) suggests that
the electrical conductivity of the sample obeys o,(7T) =
1/(C + DT). This form of temperature dependence of the
electrical conductivity has been reported for the surface
conducting state in TI [21,22]. The 7-dependent part of the
electrical conductivity, o (T) = 1/(C + DT), sets in above
40 K (i.e., D > (). Ours and other investigations [51,52]
show the presence of a temperature-independent conduc-
tivity regime below 40 K, which is a feature of metallic
conductivity of the topologically protected surface states in
TI materials. Earlier studies in Bi,Se; studies show that the
T dependent conductivity above 40 K is due to electron-
phonon interactions [51]. With a lowering of T (below
40 K) where the surface conductivity of the TI dominates,
the electron—phonon coupling significantly weakens [12].
From the above expression, the T independent conduc-
tivity regime is obtained when D < C at T < 40. In this
temperature regime where conductivity is via the topolog-
ical surface states, magnetotransport studies show weak
antilocalization due to the chiral nature of the currents
[21,33,53]. In this regime, studies suggest [33] electron
interactions play a role in determining the behavior of the
conductivity of the TI materials. Hence, below 40 K where
there is a saturated behavior of conductivity, the effect of
electron—phonon interaction may be relatively diminished
compared to that of electron interaction effects. In view of
this, we identify an electron interaction-dominated regime
at low T.

Based on our above discussions, in Fig. 5(a), we identify
four different regimes: (i) Region I (below approximately
40 K is the strong interaction-dominated surface regime):
In this regime, surface conductivity dominates in the TI
and conductivity is nearly temperature-independent due to
strong electron-electron interaction effects. (ii) Region II
(temperature-dependent surface state): Here, the surface
state dominates the conductivity of the TI with a temper-
ature dependence of the form o,(T) = 1/(C + DT) due to
the onset of electron-phonon scattering. As the tempera-
ture increases, the surface conductivity falls until it reaches
close to the bulk conductivity value, which is close to the
minima in V(7). (iii) Region III (bulk-dominated state):
In this region, which extends from about 70 K to 170 K,
Fig. 3(b) shows a good fit to bulk behavior [see dashed red
curve in Fig. 3(b)]. However, the fit does not imply that in
region III the surface contribution to conductivity is zero.
Figure 3(b) shows that in regime IlI, the surface contribu-
tion to conductivity (solid black line) is much smaller than
the bulk contribution, due to which the fit to bulk appears
to be good and bulk dominates. Figure 3(a) shows that

for temperatures in regime III (such as 90 K and 150 K)
the V(f) has a quadratic as well a nearly linear regime
V(f) < f¢, where o ~ 1), which shows the presence of
both bulk and surface contributions to conductivity. Hence,
region III is a regime with the bulk contribution to conduc-
tivity dominating over a weak surface contribution. Here,
the response from the bulk in the TI shows a thermally acti-
vated conductivity behavior. The typical thermal activation
energy scale is estimated to be approximately 630 meV
by studying five different samples. (iv) Region IV: This
is an unusual regime found at high temperatures, where
V(T) deviates from the Eq. (4) fit. In this regime, we recall
similar linear V(f) behavior [inset Fig. 3(a)]. Just like the
weakly T dependent surface conductivity regime is present
at low T, we propose the weakly temperature-independent
regime at high 7' is where the effects of surface conduc-
tivity of a TI become important once again. We would
like to reiterate here that at surface and bulk, both con-
ductivities contribute to the pickup voltage, as the induced
currents are generated in both the surface and bulk of
the sample. Regions III and IV [Fig. 5(a)] are associated
with a competition between bulk and surface state con-
tributions to conductivity. The change in curvature of the
V(T) curve in Fig. 5(a) is going from region III to region
IV, which signifies a competition between surface and
bulk contributions to conductivity. In region III, we have
shown that the thermally activated nature of bulk conduc-
tivity dominates. Recall the inset of Fig. 3(a) at high 7,
which shows a nearly linear frequency dependence [viz.,
V(f) o< f“], where o ~ 1 when T'is in region I'V. This sug-
gests the re-emergence of significant surface contributions
to conductivity along with bulk. Here, within temperature
window III, the bulk contribution to conductivity domi-
nates over the surface contribution, while in region 1V, it
is vice versa.

VI. SIMULATIONS OF THE MUTUAL
INDUCTANCE MEASUREMENTS

We simulate the electromagnetic response of this topo-
logical insulator with defects using COMSOL Multiphysics
software. In Fig. 6(a) inset, we first model a defect-
free TI with high-conducting thin metallic sheets (yellow)
sandwiching a bulk low-conducting slab (blue). We solve
the Maxwell equation for the modeled TI subjected to a
time varying magnetic field applied using coil parame-
ters identical to those in our experiment (see S2 within
the Supplemental Material [46]). We use an ac excitation
current of / =150 mA (similar to our experiment). First,
the rate of change of the induced flux (¢ = M) in the
pickup coil is calculated from which the mutual induc-
tance (real and imaginary components) M’ and M" are
calculated (analog to our experiments, M” <« M’). The
modeled TI has a crystal thickness and surface area sim-
ilar to the $20 sample, with a thickness of 5 nm for the
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FIG. 6. Inset (a) shows the schematic of an ideal TI. Blue color

represents the bulk state and yellow color represents the high
conducting surface state. The thickness of the high conducting
surface state is taken as 5 nm (thickness of the yellow region), the
other relevant dimensions are height =20 xm, width =1.9 mm,
and length =2.4 mm. The main panel shows the behavior of the
simulated M'(f) for different conductivities of the surface state
while keeping the bulk conductivity constant (approximately
10° S/m). Red dash line shows the linear dependence of M. It is
clear that M’ seems to saturate beyond 40 kHz whereas the exper-
imentally measured data shows saturation from 20 kHz onward.
(b) Shows the M is simulated as a function of f for differ-
ent inhomogeneity levels (0%, 20%, and 30%) by incorporating
conducting channels inside the bulk (see text for details and S2
within the Supplemental Material [46]). Comparison of simula-
tion and experimental results (scattered data) of M’ is shown for
$20 sample at room temperature.

metallic high-conducting sheets and 20 um for the bulk
insulating layer. The above is based on estimates indicat-
ing the thickness of the conducting surface in Bi;Se; is
between 5 to 10 nm [54,55]. In Fig. 6(a), we see the data
begins to look like the experimental V(f) data when the
bulk conductivity o, ~ 10° S/m and the conductivity of
the metallic sheets o, ~ 10'! S/m (note OFHC triple nine
purity copper has a conductivity approximately 10% S/m).
Earlier transport measurements have shown conductivity
of the surface states in Bi,Se; of approximately 10* to
10° S/m [22,56]. It may be mentioned here that in con-
ventional transport measurements due to an inability to
distinguish between bulk and surface conducting channels,
the measured surface conductivity via transport measure-
ments could be much lower than the actual value. (Details
on the behavior of the skin depth and its estimate are
shown in S10 within the Supplemental Material [46].)
Note that the relation between M’ and the induced volt-
age in the pickup coil is V' «x oM’ (as M" < M’ or V" «
V,M'(f) =V )/or where I = 150 mA, w =27xf"). Figure
6(a) shows simulated M’ as a function of frequency for
different conductivities of the TI surface while keeping the
bulk conductivity constant at approximately 10* S/m. The
value o, we use is based on estimates in literature [35].
The general behavior of M’ (f") is that it increases linearly
with frequency and it saturates at higher frequencies. At the
lower frequency regime where M'(f') o f [see dotted line
drawn in Fig. 6(a)], it corresponds to the pickup voltage,

V(f)ocf 2. At higher f where the M’ is weakly depen-
dent on f, it corresponds to V(f) o f. Figure 6(a) shows that
the M’ begins to show saturating features as the surface
state conductivity (o) increases. This confirms that highly
conducting surface states are responsible for the nearly lin-
ear frequency dependence of pickup voltage V(f) in the
high-frequency regime [see Fig. 3]. Note that while the
simulations in Fig. 6(a) show the M'(f') saturates above
40 kHz, our experiments, Fig. 3 shows that V(f) o f¢
(where @ ~ 1) regime (i.e., M'(f") ~ constant) sets in above
20 kHz and not from 40 kHz.

In order to match our simulations with the observed sat-
uration of M'(f) at relatively lower f* (from 20 kHz), with-
out significantly enhancing the surface conductivity o; (far
beyond what has been reported in literature for these sam-
ples), we consider a situation where conducting channels
exist in the bulk, which connect to the high-conducting
surface states. We argue later that these high-conducting
channels in the bulk are generated by Se vacancies. Such
a state of the TI we refer to as an inhomogeneous topo-
logical insulator state. We incorporate inhomogeneity in
our model for the TI by considering a distribution of solid
high-conductivity cylindrical regions threading through
the bulk of the sample connecting the top and bottom high-
conducting surface sheets of the TI (see S2 within the
Supplemental Material [46] for a schematic of the mod-
eled inhomogeneous TI system). In our simulation, the
percentage inhomogeneity in the TI is varied by changing
the density of cylinders and the conductivity of the cylin-
ders is taken as o,. Figure 6(b) shows that the results of
simulations match with our experimental results by using
oy~ 10" S/m, o, ~10° S/m, and 30% inhomogeneity.
The introduction of the 30% inhomogeneity in our TI
model causes the M'(f) to saturate from lower frequen-
cies of 20 kHz. The presence of 30% inhomogeneity in
the sample would affect the net bulk electrical conductiv-
ity. However, estimating the extent of change in the net
bulk electrical conductivity is not clear as yet as this would
statistically depend on the fraction of high conductivity
and low channels contributing to the electrical conduc-
tion paths when electric current flows through the bulk.
We find that our above simulation results are not sensitive
to the details of the spatial distribution of inhomogeneity
introduced in the TI, but rather the results are quite sensi-
tive to the inhomogeneity fraction in the TI (see S2 within
the Supplemental Material [46]). Figure 6(b) shows the
close match between the simulated M’(f) (purple dashed
line) and the measured voltage data (green scattered data)
for the §20 sample at 300 K using the inhomogeneous
TI model. Since in this high-frequency regime the skin
depth in the TI is estimated to be approximately 100 nm
(see S10 within the Supplemental Material [46]), we sug-
gest that the inhomogeneities discussed above are clustered
over length scales, which are <100 nm (in our model, we
take the spatial extent of inhomogeneity in the TI as the
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diameter of the cylinders). Due to the presence of parallel
channels of electrical conduction between the surface and
bulk of the TI material, it is difficult to identify the sur-
face conductance and inhomogeneity through the bulk in
a transport measurement, especially at intermediate tem-
perature regimes where both contributions are admixed.
However, the analysis of SdH oscillations at different T
help to give a signature of the onset of the bulk contribution
to electrical conductivity.

Analysis of the SdH oscillations in our Bi,Se; (see
Fig. 1 and its caption for details) using the LK equation
[35,57,58] gives a frequency of the SdH oscillations
(F)=46.954+0.25T. As F = (4%hny) /e, where n; is the
surface carrier density, we get n, = (2.268 £ 0.012) cm 2,
which compares well with earlier estimates in this batch of
samples [35]. Using n, we estimate the Fermi wave vector
for the two-dimensional (2D) surface states in our sample
is ky = +/2ng = (0.0377 £ 0.0027) A~'. By comparing
this kr value with the ARPES spectrum measured for
Bi,Se; samples (see Fig. 1 of Ref. [59]), we see that
the Fermi energy (Er) should be located approximately
30 meV above the Dirac point and about 100 meV below
the bottom of the bulk conduction band (this compari-
son is illustrated in S12 within the Supplemental Material
[46]). If we assume the origin of the SdH oscillation in the
transport measurements is due to the bulk electrons, then
bulk carrier density should be k% /4mc = 3.8 x 10" cm~3,
where ¢ =28.64 A is the Bi,Ses lattice spacing along the
¢ axis. However, the bulk carrier density () in the TI
material as estimated from the Hall coefficient [Fig. 1(b)]
is 2.83 x 10! cm™>. This comparison shows that the fea-
tures of our transport data at low 7 cannot be reconciled
with bulk conduction electrons contributing to conductiv-
ity, rather they are arising from 2D surface electrons. The
SdH oscillations in the transport measurements (see Fig. 1)
analyzed using the LK equation also reveal information on
the Berry phase, ¢ = 28 [see Fig. 1(b) inset]. For the
2D, the Dirac fermion in TI ¢ = m suppresses the back
scattering from disorder due to destructive interference.
From the analysis of the SdH at different 7, we obtain
a value close to 7w at low T below 10 K [see Fig. 1(b)
inset]. Thus, at low 7, the observed value of ¢ close to
7 suggests that the SAH oscillation arises from 2D sur-
face Dirac electrons. As bulk contributions to conductivity
increase with 7, the SdH oscillations weaken and disappear
[see Fig. 1(a)] and the ¢ value significantly deviates from
7 above 10 K [see Fig. 1(b) inset]. Therefore, at low 7,
the transport data shows conductivity of the TI is surface-
dominated, which gets progressively affected as the bulk
conductivity sets in at higher 7. However, the tempera-
ture range over which the above analysis can be done is
very limited. While the above observations are consistent
with our results based on pickup coil measurements, our
technique is applicable over a wider T range.

VII. DISCUSSION ON THE ROLE OF DISORDER
IN BiZSe3

A bulk gap in Bi;Ses of 0.3 eV suggests that thermally
activated conductivity should be seen at significantly ele-
vated temperatures, but we see activated conductivity from
T~70 K onward [viz., the region IIl in Fig. 5(a)]. In
Bi,;Se; samples, it is known Se vacancies add defect states
in the bulk. These defects states add excess electrons in the
bulk due to which the conductivity of the bulk increases.
The measured A values are almost an order of magnitude
smaller than the estimates of the bulk band gap in Bi,Se;
of about 0.3 eV [7,10,26,27]. One possible scenario could
be that the gap A corresponds to a gap between the defect
states generated by Se vacancies and the bottom of the con-
duction band [see Fig. 5(b)]. It is known that Se vacancies
causes an upward band bending [Fig. 5(b)] of the states
near the bottom of the conduction band toward the sur-
face state [60]. The band bending favors the migration of
electrons generated in the bulk (due to Se vacancies) to
the surface. We refer to this as the forward channel [see
Fig. 5(b)]. Above 70 K, the thermal energy is sufficient
for thermal activation of charges from defect states into
the bulk. We refer to this as the reverse channel. This
reverse channel for charge migration begins at 7> A/kg
[Fig. 5(b)]. Recall that in Bi;Se;, excess charge carriers
are produced by Se vacancies. In Fig. 5(c), we estimate the
behavior of carrier density in the bulk (#,1,) using a known
form [23], npux = op/(d)e, where p(d) = 3000/[14+140/a)] 1S
the thickness (d) dependent mobility and o, ~ 103 S/m.
Thus, the activation barrier A is larger for smaller bulk
carrier densities. Akin to a tight bindinglike picture, we
propose the hopping back and forth of charges between
the defect states in the bulk and surface states enhances the
average kinetic energy of charges, leading to the forma-
tion of a broad defect band and this also helps to open a
gap A near the surface states. The A decreases with npyk
as seen in Fig. 5(c), which could be a result of enhanced
Coulombic interactions in these lower electron-doped sam-
ples suppressing the kinetic energy and localizing the
charges. Enhanced interaction effects lead to the weak T
dependence of conductivity not only at low 7 below 40 K,
but also at high T above 180 K [Fig. 5(a)]. Thus, sele-
nium vacancy-induced electron doping of the bulk leads
to an interplay between bulk and surface conductivities,
leading to an inhomogeneous TI state in Bi,Ses;. Based
on the above discussion, we propose that in region III of
Fig. 5(a), the bulk contribution to the conductivity domi-
nates over that of the surface due to thermal excitation of
charge carrier in the bulk state. However, at higher tem-
peratures (region 1V), the excess charge migration to the
surface state due to Se vacancies results in the contribution
of the surface conductivity to enhance it once again. It is
due to this effect where we see the experimental data devi-
ating from the fitting line in the high-temperature regime
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[region IV in Fig. 5(a)]. We believe more detailed work
using techniques such as STM and ARPES is required to
probe the effect of defect states lying within the bulk and
the resulting gap emerging in the TI.

VIII. CONCLUSIONS

In conclusion, our noncontact two-coil mutual-
inductance measurements in Bi;Ses single crystals suggest
that the surface states are coupled to the bulk state with fil-
amentary high-conducting structures. The inhomogeneous
state gets precipitated in the bulk of the TI only above the
threshold temperature, which is associated with the activa-
tion of charge between the surface and bulk. This leads to
an interplay between bulk- and surface-dominated trans-
port regimes at different 7, which is produced as a result of
disorder introduced in the system. While material disorder
leads to interplay between bulk and surface conductivities
in a TI material, it is also responsible for resurfacing of
the surface conductivity at high temperature, which is a
potentially useful feature for applications.
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