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Abstract
We studymagneto-transport properties in single crystals of TaSb2, which is a topological semimetal.
In the presence ofmagneticfield, the electrical resistivity shows onset of insulating behaviour followed
by a plateau at low temperature. Such resistivity saturation is generally assigned to topological surface
states but we find that aspects of extremely largemagneto resistance and resistivity plateau are well
accounted by classical Kohler’s scaling. In addition,magneto-resistance in TaSb2 shows non-
saturating field dependence. Evidence for anomalous Chiral transport is providedwith observation of
negative longitudinalmagneto-resistance. Shubnikov-deHaas oscillation data reveal two dominating
frequencies, 201 T and 455 T. At low temperature, the field dependence ofHall resistivity shows non-
linear behaviour that indicates the presence of two types of charge carriers in consonancewith
reported electronic band structure. Analysis ofHall resistivity implies extremely high electron
mobility.

The nascent classification ofmaterials in accordancewith the topological states of quantummatter has yielded a
radically new technological paradigm [1, 2]. This relates to the discovery of severalmaterial systems belonging to
topological insulators (TI) and topological semimetals (TSM) that exhibit extremely largemagnetoresistance
(XMR) [3–9]. Quite generally, the study of electrical resistance in the presence of externalmagnetic field renders
deep insight into electronic transportmechanism [10] that collaterally leads to several technological applications
such as inmagnetic sensors,magnetic switches andmagnetic storage devices. To bring in a prospective, the
reported [6, 11–19]magnetoresistance in TSMs could be two orders ofmagnitude higher than the giant
magnetoresistance (GMR) or colossalmagnetoresistance (CMR) observed inmetallic thinfilms [20], perovskite
manganites [21] orCr-based chalcogenide spinels [22]. At the core of such exceptionalmagneto-resistance is the
peculiar band structure of three-dimensional TIs andTSMs that yields conducting surface states. Recent studies
reveal extremely largemagnetoresistance (XMR) inDirac semimetals (with linear band crossing at the Fermi
level e.g. Na3Bi [23] andCd3As2 [24]) that extends toWeyl semimetals like TaAs family [25, 26]. Such properties
are also seen in compensated layered semimetals likeWTe2 [27] andMoTe2 [28]. TheXMR exhibited by
topologicalmaterialsmake them very interesting from the prospective of technological applications. However,
several recent works in awide variety of these novelmaterials have raised a fundamental question; whether the
XMRcan be explained by classicalmagneto-resistance theories without considering the topological
aspects [15, 29].

In terms of theories for topological insulators, the associated symmetry principles restrict the quantum states
to be robust against disorder due to time reversal symmetry invariance [30]. Experimentally this ismanifested as
a low temperature plateau in electrical resistivity. The plateau at low temperature is understood to have origin in
conducting surface states that negate the insulating bulk behaviour, and are protected against backscattering due
to time-reversal symmetry (TRS) invariance. The observation of largemagneto-resistance in rare-earth
monopnictides like R(Sb, Bi) (R=La, Y, Pr etc) [18, 19, 31, 32] and transition-metal dipnictides TM2 (T=Nb,
Ta andM=Sb, As) [33, 34] have been analysed under such perspectives. In particular, TM2 dipnictides are
peculiar in the sense that at zeromagnetic field they behave as weak topological insulators but with the
application of externalfield, they can be classified as Type-IIWeylmaterials [35]. Several recent works have
inferred that the plateau in thesematerials can also be explained by classicalmagneto-resistance theories without
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invoking topological surface states [15, 18, 31, 33, 36, 37]. In this paper, we present a detailed study ofmagneto-
transport behaviour in single crystalline TaSb2.We observe XMRandmetal-insulator like transition at low
temperatures under externalmagnetic field. The resistivity plateau is observed at temperatures below 13 K.Our
data onXMRand resistivity plateau is well accounted byKohler’s scaling. Further we observe unambiguous
signatures of negative longitudinalmagneto-resistance that can be assigned toWeyl phase in TaSb2 in the
presence of externalmagnetic field.Moreover, clear Shubnikov-deHaas (SdH) oscillations are observed
revealing twomajor Fermi pockets.

Single crystals of TaSb2were synthesized by a two-step iodine vapour transport technique. In the first step,
polycrystalline TaSb2was synthesized by solid-state reactionmethod. Stoichiometric amounts of Ta powder
(3 N, Alfa Aesar) and Sb shots (6 N, Alfa Aesar)were reac ted together by heating at 700 °C for 3 days. The
polycrystalline sample was then vacuum sealedwith Iodine (50 mg cm−1 [3]) in quartz ampoule and put in a
tubular furnace with sample at 1000 °Cand temperature gradient of∼100 °Cacross the sealed tube for one
week. Shiny needle like single crystals were obtained in the size range 2–6 mm.The crystallinity and structure of
the samplewere analyzed using single crystal x-ray diffractometer (BrukerD8Quest single crystal x-ray
diffractometer). The crystal structure of the sample was also studied using high resolution transmission electron
microscope (HRTEM).Magnetotransportmeasurements in the temperature range 2–300 K andfield range
0–6 Twere performed inCryogenicmade cryogen freemagnet (CFM) system. SdHoscillationmeasurements
were performed usingCryogenic 14 T Physical PropertiesMeasurement System (PPMS). Single crystal x-ray
diffraction datawere collected using amicrofocus anode (Mo) and aCMOSdetector (PHOTON100).

TheXRDdata analysis suggests amonoclinic (C12/m1) structure with lattice constants a=10.39(±0.03)Å,
b=3.66(±0.01)Å, c=8.42(±0.03)Å,β=121.38(±13) andV=273(±2)Å3which are in agreementwith the
reported data for TaSb2 [17]. Inset (i) infigure 1(a) shows theHRTEM image of the single crystal. The lattice
fringes reveal excellent crystalline nature of the specimen. The inter-planar spacing is∼0.286 nmwhich
corresponds to the orientation of (111) atomic planes of themonoclinic TaSb2.Main panel offigure 1 shows the
temperature dependent longitudinal resistivity ρ(T) of TaSb2 sample in the absence of externalfield. The contact
geometry used for thismeasurement is included in the Inset (ii) offigure 1(a). The sample displaysmetallic
behaviour and electrical resistivity decreasesmonotonically down to 2 K, with ρ(2 K)=0.54 μΩ-cm. Such low
residual resistivity value reflects negligible defect scattering in the sample. The residual resistivity ratio (RRR=ρ
(300 K)/ρ(2 K)) of the sample is observed to be∼260. Three different crystal of about same sizewere studied and
herewe are reporting the data fromhighest RRR specimen.We note that themagnitude of resistivity is lower
than that in goodmetals and this is clear reflection of role played by topological states where impurity and defect
scattering become oblivious to currentflow. At low temperatures, ρxx(T) can befittedwith ρxx=ρxx(0)+ATn

with n∼2.56, where ρxx(0) is the residual resistivity (=0.538 μΩcm) andA=(4.29×10−10ΩcmK−n). Such
extremely low resistivity has also been observed in other topological semimetals such asWTe2

6 and LaSb45. The
exponent value n is reflective of dominant scatteringmechanism in the systemwith limiting values n=2 for
strong electron-electron scattering and n=5 for conventional electron- phonon scattering processes. The
observed value for TaSb2would imply dominance of limiting electron –electron scattering as was observed in
NbP [38].

An extensively studied aspect ofmagneto-transport in TSM is the reported negativemagnetoresistance when
magnetic field is applied parallel to current direction. Such observations are a common feature in severalWeyl
andDirac semimetal such as TaAs, Cd3As2, andZrSiS. Dirac semimetals are essentially gapless semiconductors
with linear dispersion that becomeWeyl semimetals whenDirac point splits into twoWeyl points due to either
spatial inversion or time reversal symmetry breaking. The chiral transport current between theWeyl points is
not conserved in this case leading towhat is referred to as Adler-Bell-Jackiw (ABJ) anomaly [39]. The
experimentalmanifestation of this is negativemagnetoresistance (forB || I). Figure 1(b) shows the transverse (B
⊥ I)magnetoresistance at several temperatures with current along a-axis andmagnetic field along c-axis. At 2 K
and 6 T, the sample shows extremely largemagnetoresistance (MR=[[ρ(B)-ρ(0)] /ρ(0)]×100with ρ(B) and ρ
(0) being electrical resistivity at applied B field and 0 field, respectively), withmagnitude∼3.55×104%,without
any trace of saturation.With increase in temperature,MRdecreases to 300%at 50 K, 6 T. Inset infigure 1(b)
compares thefield dependence of transverse and longitudinalmagnetoresistance (LMR) at 2 K. In the
longitudinal configuration,magnetic field and current are applied along the a-axis of the sample. This is
figuratively elucidated in the inset offigure 1(b).We observe negativemagnetoresistance above∼5.5 T below
which a parabolic field dependence is seen. The possible reasons for the negative LMR could be (i) the
magnetism in the sample that can be ruled out in TaSb2, (ii) Improper contact geometry (non-uniform current)
may also give rise to negative LMR [40]. Importantly, the specimenwas needle –like thus eliminating such
possibilities, and (iii)The emergence ofWeyl points with application ofmagnetic field leading toChiral anomaly
in current transport. In agreement with band structure of TaSb2, wefind the negative LMRobservation to be a
clear signature of ABJ anomaly. A recent theoretical report [35] confirms the possibility of hiddenWeyl points in
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TaSb2 that appear under appliedmagnetic field resulting in anisotropic chiral anomaly and consequent Type-II
Weyl semimetal characterization [41].

Infigure 2(a)we showKohler’s scaling with regard to constant temperature field scans. Kohler’s rule gives a
classical description of electronicmotion that can provide insight into theMRbehaviour in the sample.
According toKohler’s scaling:MR=α(B/ρ0)

mwhereα andmare sample dependent constants,B is the applied
field strength and ρ0 is the zerofield resistivity. Employing theKohler’s rule:MR=α(B/ρ0)

m,MR(B) data are
fitted for all temperatures againstα(B/ρ0)

1.78 (α=1.13×104 ). Inset (i) offigure 2(a) showsMR as a function
ofB/ρ0 (at 2 K) fromwhichα andmwere determined. The collapse ofMRdata at all temperatures to a single
line in theKohler plot (main frame offigure 2(a)) implies that the sample shows similar power law forMR at all
temperatures. Thismeans similar scatteringmechanism is followed by the carriers at all temperatures. Inset of
figure 2(b) shows resistivity ρxx(T) in applied perpendicularmagnetic fields ranging from0 to 6 T.Wenote that
in the presence ofmagnetic field, above∼100 K, TaSb2 showsmetallic temperature dependence similar to the
zerofield ρxx(T) behaviour. In the presence ofmagnetic field, the resistivity shows sharp upturn and drastic
increase at temperatures below∼100 K.Moreover, below around 13 K, the resistivity starts to saturate, leading

Figure 1. (a)Temperature dependence of resistivity in zero appliedmagnetic field. Inset (i) shows high resolution TEM image showing
the planes (111). Solid line is a fit to the relation ρxx(T, B)=ρxx(0 T)+ATn. Inset (ii) shows picture of contact configuration. (b)
Field dependence of resistivity at various temperatures. Inset shows the field dependence of transverse (B⊥ I) and longitudinal
resistivity (B || I) at 2 K.
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to a plateau-like behaviour in the ρxx(T) curve. The temperaturewhere the sample starts showing saturation
remains unchanged at all appliedmagnetic fields. Such sharp upturn in resistivity below a particular
temperature has been seen in several topological semimetals. The associatedXMR [7, 31, 39, 42–44] has been
widely reported. Themicroscopic explanation of such phenomena has been attemptedwith theories that
include, (a)magnetic field inducedmetal to insulator (MIT) transition, (b) electron-hole compensation, and (c)
highmobility transport inmetallic surface states of topologicalmaterials. However, as recently reported for LaSb
[29], the upturn in resistivity and its eventual saturation can also be ascribed to classicalmagnetoresistance
theories involving Kohler scalingwithout invoking topological surface states. Kohler scaling can also bewritten
as: ρxx(T,B)=ρ0+αBm/(ρ0)

m−1. Since ρ0 is the only temperature dependent term in this equation, the
temperature variation of ρxx(T,B) ismainly governed by ρ0. Evidently, the second term (Δρ=αBm/(ρ0)

m−1)
and ρ0 have opposite dependence on temperature, leading to aminimum in total resistivity, ρxx(T,B), at a

Figure 2. (a)Kohler scaling ofMRbehaviour,MR=α(B/ρ0)
m. Inset (i) shows theMRfittedwithMR=α(B/ρ0)

mwithm=1.78 at
2 K. Inset (ii)Two bandmodel fitting ofHall resistivity at 2 K. Inset (iii) Field dependence ofHall resistivity at temperatures 2 K, 50 K,
200 K and 300 K. (b)Temperature dependence of ρxx (0 T), ρxx(6 T) and their differenceΔρ are shown. Solid lines are fit to
α6 m ρ0)

m-1 andKohler scaling. Inset in (b) shows temperature dependence of ρxx at variousmagnetic fields.
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particular temperature. Themain panel offigure 2(b) shows the temperature dependent behaviour of ρxx(6 T),
ρ0 (=ρxx(0 T)) andΔρ (=ρxx(6 T)− ρ0). TheKohler fitting to ρxx(6 T) is shown by dark blue line and the fitting
parametersα andmare taken as 1.13×104 and 1.78 respectively. Evidently, the ρxx(6 T) in this figurefits well in
the entire temperature range down from2 K to 150 K that includes the plateau region as well. The correct
crossover temperature of∼13 K is also verified fromKohler scaling. At low temperature, since ρ0 is small and
independent of temperature variation, it impliesΔρ? ρ0 and ρxx(T,B)≈Δρ∝ 1/ρ0

m−1. In summary, the low
temperature emergence of plateau andXMR inTaSb2 can be explainedwith the help of Kohler’s scaling. In
conjunctionwith the observation of ABJ anomaly, we conclude that Kohler’s analysis is applicable toMagneto-
resistance inWeyl semimetal and there is no apparent contradiction betweenKohler scaling and existence of
surface transport in TSMs.We emphasize that in the case ofDirac semimetal Cd3As2, themagnetic field can lead
to a bulk gap due to themagnetic-field-induced rotational symmetry breaking. Recent work by Liu et al confirms
anisotropicmagneto-resistivity in TaSb2 that imply breaking of two fold rotational symmetry in the presence of
magnetic field [41]. There are two key results of our data analysis; 1. TaSb2 is aWeyl semimetal that is proven by
longitudinal negativemagneto-resistance and, 2. Kohler’s scaling is followed for transversemagneto-resistance
data. The case is similar toWTe2which is awell knownWeyl semimetal [6] that followsKohler’s scaling [45].
The point that wewant to emphasize is that Kohler’s scaling takes into accountmagneto-resistance of normal
metals that does not require peculiar surface states of topological systems. Therefore, while the edgemodes are
present in single crystals of TaSb2, one does not need to invoke this to explainmetal-insulator like upturn on
application ofmagnetic field and its eventual saturation at low temperature. Simply said, TaSb2 is onemore
example (likeWTe2) that questions the general assignment of topological states to its exceptionalmagneto-
resistance.

TheHall resistivitymeasurements were performed to investigate the carrier type, concentration and
mobility. Thefield dependence ofHall resistivity ρxy is shown in the inset (iii) offigure 2(a). The negative sign of
ρxy indicates possible dominance of electronic transport although a large difference inmobilities can also give
rise to same result. TheHall resistivity at 2 K isfittedwith the two-bandmodel [46] (inset ii) to evaluate the
charge carrier concentration andmobility:

r
m m m m

m m m m
=

- + -
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here ne(nh) andμe(μh) are density andmobility of electrons (holes), respectively. The constraint:
ρxx(B=0)=1/e(neμe+nhμh) is used tofit theHall resistivity. The obtained values of electron and hole carrier
concentrations are estimated to be∼1.02×1018 cm−3 and 1.01×1018 cm−3, respectively, revealing TaSb2 to
be a compensated semimetal. From thefitting parameters, the obtained electron and holemobilities are
estimated as∼5.1×104 cm2V−1s−1 and 1.36×104 cm2V−1s−1, respectively. In essence, the resistivity upturn
and low temperature saturation can bewell accounted by strong temperature dependence of the highmobilities
of the charge carriers in this compensated semimetal [45].

Further, themagnetoresistancemeasurements show clear Shubnikov-deHaas (SdH) oscillations at low
temperatures and highmagnetic fields (figure 3(a)). Inset (i) shows zoomed data between 11 T-13T. The
oscillation component (dR) of theMR is extracted by subtracting a higher order polynomialfit from the high
field oscillation data. The oscillations can be identified from the plots of dR versusB−1, as shown in the inset (ii)
offigure 3(a). Infigure 3(b)we showFast Fourier transformation (FFT) of the data shown in inset (ii) of
figure 3(a). The oscillation frequencies are identified as 201 T (β) and 455 T (γ). From these SdHoscillation
frequencies, the extremal cross-sectional area,AF, of the Fermi surface can be extracted using theOnsager
relation: F=(Φ0/2π

2)AF. The frequency of F=201 T corresponds toAF=0.019Å2 and F=455 T
corresponds toAF=0.043 Å2. Also, we obtain Fermiwave vector,κF (=(AF/π)

1/2)=0.078 Å−1 and 0.117 Å−1

corresponding to frequencies 201 T and 455 T, respectively. The FFT amplitude decreases with increasing
temperature. In the inset offigure 3(b)we showFFT amplitudewith increasing temperature forβ and γ peaks.
From the temperature damping of SdHoscillation amplitude, the effective quasiparticlemass (m*) can be
extracted. The value ofm* is extracted from thefit of temperature dependence of FFT amplitudewith Lifshitz-
Kosevich (LK) equation:Δρ/ρ∝AT/sinh(AT), where A=2π2κBm

*/ħeB. The LKfit is shown in the inset of
figure 3(b). The value ofm* obtained from the LKfit for frequency 201 T is 0.17me and that for frequency 455 T
is 0.15me, whereme is the free electronmass. The Fermi velocity vF=ħκF/m

* is estimated to be
5.29×105 m s−1 and 7.94×105 m s−1, respectively corresponding to frequencies 201 T and 455 T. The SdH
oscillatory component was further analysed using the expression: dR∝ cos[2π(F/B-γ’)] [9], here F is the
frequency of oscillation and γ’ is theOnsager phase. From corresponding Landau fan diagram (not shown), the
obtained γ’was estimated to be zero confirming non-trivial Berry phase in TaSb2 [17].

To summarize, we present amagneto-transport study in the topological semimetal TaSb2. At 2 K and 6 T a
large transverseMR (=3.55×104%) is observedwithout any sign of saturation. Themagnetic field induced
turn-on behaviour and plateau like feature at low temperature arewell explainedwithKohler scaling.
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Significantly we find evidence for negative longitudinalmagnetoresistance that signifies the presence of
topologicalWeyl points. Non-trivial Berry phase is also indicated from analysis of SdHoscillation
measurements. The highfield SdHoscillations show two dominant frequencies at 201 T and 455 T. TheHall
measurements confirm compensated semi-metallic behaviourwith exceptionally highmobilities.Wefind that
applicability of classical Kohler’s scaling tomagneto-resistance and low temperature plateau in TaSb2 is
surprisingly accommodative with underlying topologicalWeyl states.
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Figure 3. (a) Field dependence of resistivity at low temperatures (2–6 K) in thefield range 0–13 T. Inset (i) shows the clear view of the
SdHoscillations in themagneticfield range 11–13 T. Inset (ii) shows the oscillatory component (dR) of the resistivity at all
temperatures (2–6 K) after subtracting the background. (b) FFT is plotted as a function of frequency at temperatures 2–6 K. Two
dominant frequencies are obtained at 201 T and 455 T. Inset shows the FFT amplitude corresponding to frequencies 201 T and 455 T
as a function of temperature. Solid lines show thefit of the datawith Lifshitz-Kosevich formula.
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