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Abstract
Weperformedmagnetoresistancemeasurements onBi2Te3 thinfilm in the temperature range of
T=1.2–4.0 K and formagnetic fields up to 2 T. The curves exhibited anomalous behavior for
temperatures below 4.0 K.Different temperature intervals revealed electrical transport through
different conductive channels with clear signatures of weak antilocalization. Themagnetoresistance
curves were explained using theHikami–Larkin–Nagaokamodel and the 2DDiracmodifiedmodel.
The comparison between the parameters obtained from the twomodels revealed the transport via
topological surface states and bulk states. In addition, a superconductive like transition is observed for
the lowest temperatures andwe suggest that this effect can be originated from themisfit dislocations
caused by strain, giving rise to a superconductive channel between the interface of the film and the
substrate.

1. Introduction

Topological insulators (TIs) are a new class ofmaterials that present very singular quantum–mechanical
properties and have driven considerable efforts from theoreticians and experimentalists in the search of new
compoundswith such special properties [1–3]. The importance of TI is related to its huge potential of
application in the development of spintronics and also to probeMajorana fermions in the proximity of
superconductivity [3, 4].

In this search, the compoundBi2Te3was identified as a three-dimensional TI, where the strong spin–orbit
coupling (SOC) gives rise to insulating gapped bulk states and two-dimensionalmetallic surface states. The
surface states present Dirac dispersions and hence the charge carriers areDirac fermions. So far, themost reliable
tool to probe the surface states throughDirac cones is performingARPES experiments. Regarding the possible
application in spintronics and other sensor devices, the detection, via transportmeasurements, of spin-polarized
currents present in the surface states are highly desirable [5, 6].

The verification of electrical transport via topological surface states would be possible for samples with a bulk
sufficiently insulating and surface carriers with highmobility. In this case, the transport would bemainly via
surface states and it would be possible to verify that the carriers areDirac fermions. However, the synthesis of
such ideal sample is quite unreal due to naturally-doped bulk carriers [7]. It is important tomention that surface
transport does not necessarily identify a TI and could just indicate an accumulation layer, for example, in the
surface [8].

Weak localization (WL) andweak anti-localization (WAL) phenomena have been suggested as a tool to
verify the existence of transport throughmetallic states, evenwhen the transport occurs via bulk channels
simultaneously. In non-trivial 2D system, strong SOC can produceWAL effect which causes a dip in the
magnetoresistance (MR) in the region of lowfields when amagneticfield is applied perpendicularly to the
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sample surface [9]. In TIs,WAL effect has beenwidely observed and explained using the simplifiedHikami–
Larkin–Nagaoka (HLN)model in lowfield limit [3, 9–11]. A 2DmodifiedDiracmodel was recently proposed to
explain theMReffect of a TI as a contribution frombulk and surface channels [12]. Thismodel presents a
description for both the surface bands and the lowest 2D bulk subbands of a TI thin film.

In this work, we report results ofWAL effect observed in a 200 nmBi2Te3 thin film grown onBaF2 substrate,
described in the next section. The analysis of the experimental curves was performed using both theHLNand
the 2DmodifiedDiracmodels. The results of twomodels are very similar and show that the transport occurs via
bulk and surface states. The combination of the twomodels revealed a powerful tool to probe the transport via
surface states. In addition, a superconducting like transition is observed andwe suggest that this effect can be
originated from themisfit dislocations caused by strain giving rise to a superconductive channel between the
interface of the film and the substrate.

2. Sample structure and experimental setup

The c-axis oriented layer of bismuth telluride (Bi2Te3) has been grown on a bariumfluoride (BaF2) substrate,
which has the advantage of exhibiting a goodmatch to the Bi2Te3 lattice constant. The latticemismatch between
the Bi2Te3 lattice constant and the a 20 in-plane lattice constant of (111)BaF2 substrate surface is
D » -a a 0.05% at 300 K [13, 14]. In addition, BaF2 shows a goodmatch of thermal expansion coefficient in
relation to Bi2Te3. In fact, assuming a relaxed layer at room temperature, the predicted thermal strain parallel to
the layer is only4 e = - 0.026% at 4.2 K [15]. In view of this, a Bi2Te3filmwas deposited on a freshly cleaved
(111)BaF2 substrate, produced byKorthKristalle GmbH. The growthwas carried out bymolecular beam
epitaxy, in a RiberMBE 32P system, using a stoichiometric Bi2Te3 compound source. Simultaneously, an
additional tellurium sourcewas used to tune the beam flux composition and to obtain a Te-rich beam flux
composition, yielding a beamfluxwith an overall Te/Bi2Te3flux ratio equal to 2.7. As is known, a large portion
of the excess Te2flux desorbs from the surface, and thefilm composition differs from the sprinkling beam flux
concentration because only a small fraction of Te atoms actually incorporates in thefilm. Thus, the BEP (beam
equivalent pressure) provided by Bi2Te3 sourcewas 1.5×10−7 Torr andTewas 4.1×10−7 Torr. The substrate
temperaturewasmaintained at 280 °Cand, under such conditions, either the nucleation and the growth occurs
in a layer-by-layermode. This can be evidenced at the inset panel on top left offigure 1, which exhibits the
streaky patterns of reflection high-energy electron diffractionmeasured along two symmetry azimuths, rotated
by 30° to each other. Also, no surface reconstruction of the (0 0 0 1)Bi2Te3was observed and the film surface is
mirror-like. Asmentioned, a thin film of approximately 210 nmwas deposited at a growth rate of 0.19 Å s−1.

Figure 1.Wide angularω/2θ scan of Bi2Te3 epitaxial film grown on (111)BaF2 substrate exhibiting, besides the (111), (222) and (333)
BaF2 peaks, only the (0 0 0 L)Bi2Te3 symmetrical diffraction peaks. On the top left inset the RHEEDpatternsmeasured along two
symmetry azimuths are shown and the rocking curvemeasured around the L=18Bi2Te3 diffraction peak is exhibited on the top
right inset.

4
The thermal strain can be calculated using òe a a= - -Texp d 1

300 K

4.2 K

BaF Bi Te2 2 3[ ] and the thermal expansion coefficients (α) given in
[15] for BaF2 and in [15] for Bi2Te3.
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The structural properties of the filmwere investigated using a high resolution x-ray diffractometer. Figure 1
shows the diffraction curve, which presents besides the (111), (222) and (333)BaF2 peaks only the (0 0 0 L)Bi2Te3
symmetrical Bragg peaks. This result indicates that the (0 0 0 L)Bi2Te3 hexagonal planes are parallel to the (111)
substrate surface. The rocking curvemeasured around the (0 0 0 18)Bi2Te3 Bragg peak is shown on the top right
inset offigure 1. The full-width at half-maximumof this curvewas 297″, indicating the high structural quality of
the epitaxialfilm.

For the electrical transportmeasurements, the Bi2Te3 sample was preparedwith In contacts inVan der Pauw
geometry. Themeasurements were performed in a 15 THe-cooled superconductingmagnet, using anAC
current of 1 μA at 10.7 Hz and conventional phase sensitive detection. The transport parameters were obtained
usingHall technique. The carrier concentration varied from6.7×1024 to 7.0×1024 m−3 for temperatures
between 2.2 and 4.2 K and the carriersmobility varied from0.85 to 0.78 m2 V−1 s−1 for the same temperature
range.

3. Results and discussion

The temperature dependence of the electrical resistance for the Bi2Te3filmwasmeasured in the temperature
range of 1.2–70 K, as presented infigure 2(a). According to this figure, the electrical resistance of the sample
displays an almost linear dependence of electrical resistance withT exhibitingmetallic behavior down to 5 K.
This profile is expected for a degenerate semiconductor [16] and has also being observed for other TIs [17]. For
temperatures below 5 K, the curve exhibits a very singular behaviorwhere the resistance first drops slightly and
then abruptly. The inset shows, inmore details, three regionswith different temperature dependences profiles
identified as (1), (2) and (3). The last drop in region (3), in afirst sight, looks like a superconductivity transition
andwill be discussed latter. In order to verify the possible origin of the profiles observed in the electrical
resistance curve, figure 2(b) shows the temperature dependence of the normalized resistance RN( ) presented in
figure 2(a) for appliedmagnetic fields of 1 T, 500 mT, 250 mT, 100 mT and 0 T. The drop observed in the curves
in region (1) occurs for all appliedmagnetic fields and the slopes of the normalized resistance showweak
magnetic field dependence. This behavior suggests the existence of amore conductive channel which becomes
predominant, causing the drop, and has nothing to dowith superconductivity effect, since themagnetic field
plays no important role. In region (2), forT∼3 K, another drop occurs, but vanishes when amagnetic field is
applied up to 1 T. Curiously, this effect occurs near the superconducting transition temperature of In (Tc≈3,
4 K) [18]. Similar behavior in the resistancewas observed in Bi2Te3 samples byHagmann et al [19] andWang

Figure 2. (a)Temperature dependence of electrical resistance of the 200 nmBi2Te3film for temperature rangeT=1.2–60 K. Inset:
three drops of resistance regions, (1), (2) and (3) at low temperatures. (b)Normalized resistance (RN) at different appliedmagnetic
fields. The arrows indicate the dislocation of the critical temperatureTc. Inset: critical temperature (Tc) as a function ofB at which the
(2) drop occurs. The values ofB are higher than the values found in literature.
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et al [20]. In bothworks, it was suggested that the superconductivity effect was caused the formation of a
superconducting region at the In/Bi2Te3 interface induced by the In contacts. However, the criticalmagnetic
field applied necessary to destroy the effect is too high as can be observed from theTc values presented in the
inset infigure 2(b). In addition, this figure shows that the critical temperature forwhich the drop in the electrical
resistance occurs varies linearly and inversely proportional to the appliedmagnetic field.

In region indicated as (3), amore abruptly drop takes places and ismuchmore similar to a superconductivity
transition than the effect presented in region (2). It is well known that Bi2Te3 compound undergoes a
superconductivity transition under hydrostatic pressure [21]. In the present case, one could expect that the
thermal strain should be enough to cause the pressure and hence the superconductivity transition. However, the
thermal strain is found to beweak (see the section ‘sample structure and experimental setup’) and cannot induce
such type of transition.On the other hand, very recently, the presence of superconductivity was predicted to
occur in strainedDiracmaterials [22]where a periodic strain could produce aflat band superconductivity
regime. In our case, the interface between the substrate and the Bi2Te3films could be periodically strained giving
rise to a superconductivity channel responsible for the profiles observed infigure 2.

In order to observeWAL effect, we performedMRmeasurements in the sample. The results are presented in
figure 3, with theMR curves plotted asD = -R R R H R R0 ,0 0( ( ) ( )) for temperatures between 1.2 and 4.0 K
and formagnetic fields in the range of−2 T to+2 T,with themagnetic field applied perpendicularly to thefilm
surface.We have averaged over themagnetic field directions using = + -R R B R B 2xx [ ( ) ( )] to eliminate any
Hall component. Between 0.5 and 2.0 T theMR curves exhibit similar behavior that is neither linear nor
parabolic. First, for a better understanding of the profiles exhibited in this figure, we focus on the behavior ofMR
curves in lowfields and temperatures of 2.27, 2.65 and 3.25 K, where a typicalMR sharp dip is exhibited. This
region corresponds to region (2) drop in resistance; inset figure 2(a). The existence of a sharp dip inMR at small
fields could be associated toWAL effect attributed to the 2DDirac surface states. TheWAL effect in TIs has been
described by the simplifiedHLN in the regions of lowmagnetic fields. The simplified equation can bewritten as
[11]
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where e is the charge of an electron, h is the Planck’s constant, fL is dephasing length,B is themagnetic field, y is
the digamma function and a is a coefficient associated to the number of coherent channel contribution to
conduction. It is known that a = -0.5 is expected for single coherent channel or convencional 2D systemwith
strong spin-orbit scattering. However, in our case, the simplifiedHLN relation cannot be the best option tofit
the experimental results for two reasons: first, equation (1) is valid only in the regions of lowmagneticfields and

Figure 3.MRat different temperatures formagneticfields in the range of−2 T to+2 T. The profiles of the curves in the region of low
fields (B<1 T) indicate the presence of SOC. Inset:MR for−500 mT to+500 mT. The profiles of the curves present huge difference,
indicating a transition as the temperature diminishes form4.0 K down to 1.2 K.
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we can observe signatures ofWALup to 0.5 T. Second, in the region of lowmagnetic fields, the effect seems to be
amixture ofWAL and some other anomalous effect, as observed infigure 2.Hence, we used to describe the data
the originalHLN equation [23, 24]
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parameters are the dephasing field fB i( ) and spin orbit fields in x B i
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so( ) and z B i

z
so( ) directions. In this case, the x

direction is in the plane and z direction is normal of the surface. Equation (2) can be rearranged to take in
account the sumofWAL andWL effects separately, where ai is positive forWL (i=0) and negative forWAL
(i=1). The sum the both effects was already used to analyzeMR curves observed in SnTe films [25]. In addition,
we considered =f fB B0 1 since there is no reason to believe that the dephasingmechanismwould be different in
twometallic channels.

The best fitting ofmagnetoconductance byHLNmodel (dash lines) performed at 2.27 K , 2.65 K and 3.25 K
temperatures are presented in figures 4(a)–(c), respectively, where the experimental points are represented by
open symbols. Thefitting parameters are shown in table 1. For thefitting, wewrote themagnetoconductivity as
s s s- ,0 0( ) where s r= 1 and s r= 1 .0 0 Wehave obtained ~a 0.520 and ~a - 0.55.1 These values
indicated the presence of two channels contributions to the transport. Other combinations of a parameter lead
to very unrealistic values of spin–orbitfields and less reliable fittings. The values of a are in accordance to recent
experiments where a values obtained from equation (1) cover a range between−0.39 and−0.54 at 2 K
[21, 26, 27].

The lengths associatedwith dephasing and spin–orbitfields were derived from the fitting parameters,
presented in table 1, according to the relation =B eL4 ,n n

2 where n=f, so ,x soz and are presented in table 2.
»L 25 nme was calculated from the transportmeasurements presented in section 2. The fL ,0 fL ,1 L ,x

so0 L x
so1

and L z
so0 values are nearly constant in the temperature range studied. At 2.27 K (3.25 K)we obtained

= = =f f fL L L 582 nm0 1 (547 nm)which is comparable to =fL 331 nm, estimated from simplifiedHLN
model to Bi2Te3films [27]. Furthermore, the condition f L L ,e referring to diffusive regime, whereWALor
WL effects are observed, is satisfied.On the other hand, according to table 2, ~L L ,x x

so0 so1 indicating that SO
coupling has the same intensity in the two channels. In addition, from table 2, we observe that >L L ,i

z
i

x
so so

indicating that the SO coupling ismore effective in x direction. The values of L z
so1 are the order ofmagnitude of

the sample thickness, indicating 2Dbehavior.
The analysis performed usingHLNmodel provides a good comprehension of the SOC effect and suggests

that the profiles observed in theMRcurves in the lowfield region could be originated from two channels
contribution. It is worth to compare the results presented so farwith the analysis performed using amodel that
distinguishes between surface and bulk channels transport. This can be donemaking use of the 2Dmodified
Diracmodel [12]
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Equation (3) provides a unified description for 2Dbulk subbands due to the quantum confinement and the
surface bands of a 3DTI. In this equation LB is themagnetic length, fi is amultiplicative constant, introduced to

account for possiblemultichannel conduction and = +f fL L L1 1 1i i
2 2 2.

Figures 4(a)–(c) show thefitting obtained by equation (3) (solid lines). a ,0,1 fL and fL 0,1 are in table 3 and
theywere derived from the fitting parameter, Qcos ,i that control the crossover fromWL toWAL. In fact, using
thismodel and considering two conduction channels, only twofitting parameters are necessary: qcos ,0 for bulk
channels, and qcos ,1 for surface channels (see [12] formore details).

Our experimental values of a∣ ∣changed from»0.29 to»0.49 asT is increased from2.27 to 3.25 K. This
considerable change in a parameter, in such a short temperature interval, seems to be unnatural. However, the
anomalous drops observed infigure 2, in region (2), occur in this same temperature range. This is also a good
indication of conduction throughmore than one channel. In addition, according to Lu et al [12] the value of
a = -0.5 does not alwaysmean that there is only one surface channel, instead, it could also indicate a collective
result ofmultiple surface and bulk channels. For the fittings presented infigure 4, using the 2DDiracmodel, we
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used = =f f 1,0 1 whichmeans that considering only one surface channel and one bulk channel was enough to
perform thefittings. This is coherent with the analysis performed using theHLNmodel.

Thefittings obtained usingHLNand 2DmodifiedDiracmodel presented coherent parameters that are
consistent to the data found in literature. TheDiracmodel ismore accurate, since it takes into account the
surface states whileHLNmakes no distinction about the origin ofWAL effect. In addition, it is possible to verify

Figure 4.HLN (dash line) and 2DmodifiedDiracmodel (solid line)fits ofmagnetoconductance at (a) 2.27 K , (b) 2.65 K and (c)
3.25 K. The experimental points are represented by open symbols. The insets in figures (a) and (b) are the zoomviews at lowfields,
where themodels cannot be applied, and the inset infigure (c) is the schematic view of the partial polarization of the spins in the
conduction band.

Table 1. Fitting parameters obtaining fromHLNmodel, with constantαi, dephasing field fB and
spin-orbitfield B iso in x and z directions (i=0 or 1 forWLorWAL, respectively).

T(K) α0 α1 fB (mT) B x
so0 (T) B x

so1 (T) B z
so0 (T) B z

so1 (T)

2.27 0.52 −0.55 0.97 0.75 0.89 0.09 0.01

2.65 0.52 −0.55 0.97 0.55 0.80 0.09 0.01

3.25 0.52 −0.55 1.1 0.89 0.38 0.09 0.09
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the spin polarization deriving the relation eQ - Dkcos i F F
2( ) (see [12]), where eF the Fermi energy, kF is the

Fermiwave vector and D is a theoretical parameter in themodel.We found that eQ - <Dkcos 0i F F
2( )

(∼−10−3 eV) for all the temperatures analyzed. This result indicates that the carriers spins are only partially
polarized in the conduction band, as presented schematically in the inset offigure 4(c). Actually, this behavior is
expected since scattering originated from the bulk states leads to the reduction of spin polarization of the surface
states [28]. Hence, even if there is transport via surface states, the spin polarization is affected due to the
interactionwith states from the bulk. This could be an important issue for the development of spintronic devices
based on thismaterial and should be taken into account for future applications.

Formagnetic fields below 100mT, an additional effect is clearly present (see inset infigures 4(a) and (b)).
This region seems to be in a transition region between themetallic and a superconductivity phase and themodels
used here are not suitable for an analysis in this region. Also, themodels where able tofit only a small range in
magnetic field forT∼3.25 (figure 4(c)). This can be associated to the transition region (identified as region (2)
earlier)where themodels also cannot take into account all the specific features present in the system.

In fact, for the temperatures 1.2 , 1.3 and 1.4 K it is not possible tofit themagnetoconductance curveswith
themodels in any range ofmagnetic fields. These temperatures are in region (3), as indicated infigure 2(a),
where the superconductive like phase is present.

In conclusion, we presentedmagnetotransportmeasurements performed on a 200 nmBi2Te3 film. The
experimental curves showed anomalous behavior for temperatures below 4 K. The drops in the resistance versus
temperature curve, for temperatures higher than 2.0 K, indicated the presence transport inmore than one
metallic channel. The detailed analysis performed using theHLNand 2DDiracmodels indicated that transport
occurs via surface and bulk states. The analysis performedmaking use of the twomodels represents amore
reliable procedure in order to identify the transport via surface states. For the lowest temperaturesmeasured, a
superconductivity phase like appears and does not permit a further analysis using the theoreticalmodels.We
suggest that superconductivity effect is originated from the strain between the interface on the film and the
substrate according the recent theoretical predictions. These results shed some light about the electrical
transport via surface and bulk states in Bi2Te3 TI.

The authors would like to thankCAPES, FAPEMIG (APQ-00623-14) and FAPESP (2007/50968-0) for
financial support.
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