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The measurements of anisotropic magnetoresistance (AMR), planar Hall effect (PHE) and temperature-
dependent conductivity in materials with strong spin-orbit coupling yield valuable information about charge
carrier scattering processes, localization effects, and band topology. Although electronic structure calculations
establish the sesqui-chalcogenide Sb,Te; a topological insulator (TI), detailed measurements of AMR and PHE
are valuable to address the manifestations of the band topology on charge carrier transport in this system. Here,
we report on measurements of the longitudinal and Hall resistivity, o, and py,, respectively, of the Sb,Tes films
of varied crystallinity over a wide phase space of temperature (7), magnetic field (B), and the angle between
B and charge current density (J). The films exhibit semiconducting or metallic behavior depending on their
crystallinity. The epitaxial films on (0001) sapphire grown at 150 °C are metallic with a hole carrier density (1)
and mobility (1) of ~10" cm= and ~10?cm? V~'s~!, respectively, at room temperature. The conduction
in the semiconducting film exhibits a Shklovskii-Efros (SE)-type variable range hopping (VRH) at very low
temperature, with a transition to the Mott type VRH at 7 > 30 K. The SE-type VRH is characterized by a
Coulomb gap of 0.3 meV and a localization length of ~12 nm, which matches with the average crystallite size
in these disordered films. While signatures of weak antilocalization are seen in the magnetoresistance (MR) of
epitaxial films at 7 < 20 K, the MR at T > 20 K agrees with Kohler’s rule when corrected for the temperature
variation of carrier density. The epitaxial films are characterized by a negative AMR and PHE which varies
quadratically with magnetic field, but the orbital plots of py, vs p.. negate the presence of a chiral anomaly in
transport. The amplitude of MR anisotropy for 100 °C grown Sb,Te; film is ~ 102n2m at 300 K, which is an
order of magnitude larger than in Bi, Te; and potentially important for the development of AMR-based sensors.

DOI: 10.1103/PhysRevB.109.075421

I. INTRODUCTION

The sesquichalcogenide Sb,Te; is one of the best-known
thermoelectric materials due to its relatively high figure of
merit for thermoelectric power generation near room temper-
ature (RT) [1-9]. Structurally, Sb,Te; belongs to a family of
layered compounds exhibiting the same tetradymite structure
as of Bi,Tes, where the hexagonal quintuple layers of Sb
(or Bi) and Te atoms are weakly bonded by van der Waals
forces along the c-axis of the unit cell [10-12]. In general,
Sb,Tes shows p-type conductivity due to intrinsic defects
such as antisites where Sb atoms occupy the lattice posi-
tions of tellurium. This leads to a high hole concentration of
~10" cm™3 [13]. In recent years, SboTe; and Bi;Te; have
attracted much attention due to the nontrivial topology of
their electronic bands [14—17]. Topological insulators (TIs)
exhibit an insulating interior where only surface conduction
is allowed, which is protected by time-reversal symmetry.
These electronic attributes of the TIs are potential routes for
realization of new quantum phenomena and quantum devices.
However, the conducting surface states are very fragile, and
their realization is possible mostly in defect-free single crys-
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tals and, to some degree, in epitaxial films in the regime where
thin film size effects are not dominant. The band topology of
Sb,Tes has been addressed using angle-resolved photoemis-
sion spectroscopy measurements on single crystals [18,19]
and thin epitaxial films [20,21]. Sb,Te; is an extensively
studied material in the bulk polycrystalline and textured thin
film forms. These studies are targeted optimization of the ther-
moelectric power factor and figure of merit [1,2,5,10,22,23].
High-quality single crystals of pure and doped Sb,Te; are
primarily used for studies of quantum transport [2,24,25],
whereas such studies on epitaxial films are sparse, but there
are some reports on films grown by molecular beam epi-
taxy (MBE) [6,26-28], magnetron sputtering [22,29-31], and
metal organic chemical vapor deposition (MOCVD) [32]. One
important electron transport phenomenon that brings forth the
contribution of nontrivial topology of electronic states near
the Fermi energy to electrical conductivity is anisotropic mag-
netoresistance (AMR) and the concomitant planar Hall effect
(PHE). While AMR and PHE have been discussed theoret-
ically in the framework of a nonvanishing Berry curvature
of states [33], experimental data are desired to address the
predictions of the theory.

Here, we report on the measurements of orbital magnetore-
sistance (OMR), Hall resistivity, AMR, and PHE on thin films
of Sb,Te; grown at various temperatures using the pulsed
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FIG. 1. Results of x-ray diffraction measurements on Sb,Te; films performed using Rigaku smart lab setup. (a) 26-w scans of ~160-nm-
thick films grown at room temperature, 100, 150, and 200 °C on c-plane sapphire. (b) The Laue oscillations seen in the vicinity of the (006)
reflection of the 100 °C grown film. (¢) Rocking curve measurement on the 100 °C grown sample.

laser deposition (PLD) method. The crystallographic structure
of these films varies from epitaxial to noncrystalline de-
pending on the temperature of growth. The magnetotransport
measurements performed in the temperature and magnetic
field ranges of 2 to 300 K and 0 to £9 T, respectively,
establish the nature of charge carriers and their mobility.
High-resolution electron microscopy of the disordered films
display a granular structure, which leads to a Shklovskii-Efros
(SE)-type [34-38] hopping conduction at low temperatures.
While the magnetoconductance measurements at small fields
(L1 T) on epitaxial films display weak antilocalization (WAL)
effects, the conductivity at high field follows a scaling be-
havior consistent with the modified Kohler’s rule [39]. More
interestingly, AMR and PHE of this nonmagnetic compound
are negative and large (= —102nQm). These results have
been discussed in the framework of the existing models of
electronic transport in topological materials.

II. EXPERIMENTAL METHODS

The Sb,Te; thin films were deposited on c-plane sapphire
substrates using a pulsed KrF excimer laser (A = 248 nm)-
based PLD technique. A 2100% dense melt-grown target of
SbyTes (elemental purity 99.999%) was ablated at the pulse
repetition frequency of 5 Hz and areal energy density per
pulse of &~ 4J/cm? to yield a growth rate of 0.27 nm/s in
~80 mTorr background pressure of ultrahigh purity argon.
Optimal utilization of the target and uniformity of the growing
film were ensured by rotating the substrate and rastering the
laser beam on the surface of the rotating target. The films were
deposited at 25, 100, 150, and 200 °C. We have also attempted
to grow these films at T > 250 °C. However, the sticking
coefficient of Sb and Te is nearly zero at these temperatures.
The crystallographic structure, elemental concentration, grain
size, and surface roughness of the films were characterized
using a combination of transmission electron microscopy
(TEM), energy dispersive x-ray microanalysis, x-ray diffrac-
tion, and x-ray reflectivity measurements. Electronic transport
measurements were performed in a physical properties mea-
surement system equipped with a 9 T superconducting magnet

and a sample rotation arrangement to allow variation of the
polar (9) and azimuthal (¢) angles between the magnetic field
and transport current. Samples for these measurements were
patterned in the form of Hall bars.

III. RESULTS AND DISCUSSION

A. Structural characterization

Figure 1(a) shows several 26-w x-ray diffraction patterns
and o scans performed on =&160-nm-thick Sb,Tes; films
grown on c-plane sapphire. While the diffraction profiles of
the samples grown at RT (*25 °C) shows no discernible peaks
of Sb,Tes, suggesting a noncrystalline structure, the patterns
of the films grown at 100, 150, and 200 °C exhibit strong
Bragg reflections corresponding only to the (007) reflections
of the rhombohedral structure of Sb,Te;, indicating epitax-
ial growth. The c-axis lattice parameters calculated from the
diffraction profile of the 100, 150, and 200 °C grown sam-
ples is 29.10, 30.49, and 30.46 A, respectively, as compared
with the bulk value of ~ 31.78 A. Since the in-plane lattice
parameter a (= b ~ 4.81 A) of the sapphire substrate is rel-
atively larger than that of Sb,Tes, i.e., a (= b= 4.30 A), it
presumably leads to the observed out-of-plane c-axis com-
pression. We observed prominent Laue oscillations of the
intense Bragg reflections. Figure 1(b) shows such satellite
reflections corresponding to the (006) Bragg peak. The pres-
ence of these oscillations in the diffraction pattern suggests
a reasonably good epitaxial growth. Further, we performed
rocking curve measurements around the most intense (0015)
reflection. A representative rocking curve for 100 °C film is
shown in Fig. 1(c). We estimate the full width at half maxi-
mum (FWHM) of the rocking curves measured for the 100,
150, and 200 °C grown films as & 0.17°, 0.19°, and ~ 0.16°,
respectively. Although to the best of our knowledge no such
measurements have been reported for PLD grown Sb,Tes
films, these values are comparable with the values reported
for PLD grown Bi;Tes [40]. The crystallographic structure
of the RT grown samples has been investigated with TEM
measurements as well to correlate it with electronic transport.
Figure S1 in the Supplemental Material [41] shows a TEM
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FIG. 2. (a) The temperature dependence of the zero-field lon-
gitudinal resistivity (p,,) of the Sb,Te; films grown at several
temperatures. (b) The room-temperature (RT) grown sample follows
the natural log resistivity vs 7~'/2 for the low-temperature regime,
whereas it follows (c) natural log resistivity vs T~!/4 for the high-
temperature regime. Inset of (a) shows a magnified view of p,, for
100 °C film to highlight weak localization effects at low temperature.

micrograph and the corresponding selected area diffraction
pattern of a film deposited at 25 °C. The TEM data reveal that
these films are not homogeneously amorphous but consist of
nanocrystallites embedded in a disordered background.

B. Electrical resistivity and Hall mobility

The zero-field longitudinal resistivity (py,) of the films has
been measured over a temperature range of 2 to 300 K. The
pxx (T) data for the films grown at RT, 100, 150, and 200 °C are
shown in Fig. 2. The resistivity of the RT grown film exhibits
a semiconducting behavior but without a uniquely defined
activation energy, which suggests a carrier hopping dominated
transport. On the contrary, the films deposited at 150 and
200 °C show metallic conduction with residual resistivity ratio
(RRR) values of 2.3 and 2.5, respectively, which are smaller
than the reported numbers for single crystals [11,42] and
epitaxial films grown using MOCVD [20,32] but comparable
with MBE grown films [26] and better than the values reported
for polycrystalline Sb,Te; [10]. The sample grown at 100 °C
shows a drop in the resistance as the temperature decreases
from 300 to 2 K, but the RRR is very low (~1.1). We see drop
in the mobility as a function of increment in the temperature,
suggesting nonmetallic behavior, discussed in the upcoming
sections. Further, the p,, (T) data show a smooth variation
with temperature, suggesting the absence of any phase or
structural transition. The temperature-dependent resistivity of
the RT grown samples is addressed in the framework of
the hopping transport of charge carriers in disordered sys-
tems. The resistivity due to hopping conduction is expressed
as [34-36,43]

TO 1/p
p(T) ~ po exp[?] , ey

where py is a constant pre-exponential factor and 7 is a char-
acteristic temperature scale which depends on the material
parameters such as the density of states (DOS) at the Fermi

energy (Er), extent of localized wave function, and the static
dielectric function. For a three-dimensional (3D) system, the
parameter p is equal to 1, 2, or 4 depending on the nature of
hopping transport [34—-36]. The exponent p is equal to 1 for
the nearest-neighbor hopping conduction. The Mott formula
with p = 4 is applicable for variable range hopping (VRH) in
the localized state at the Fermi energy (Er) [43]. In contrast,
p = 2 corresponds to the opening of a SE-type Coulomb gap
in the localized states at Er. The applicability of these models
of conduction depends on the extent of disorder in the system.
When the disorder is weak and the charge carriers possess
sufficient energy to overcome the Coulomb gap in the DOS at
Er, the Mott-type VRH is the mode of conduction. However,
at sufficiently low temperatures, where the charge carriers
may not have sufficient energy to cross the Coulomb gap, one
sees the SE hopping. Between these two cases, some systems
with intermediate disorder show a transition from SE to Mott
types of VRH on going from low to high temperature [36].
The signature of electronic transport described by Eq. (1)
is also seen in systems consisting of a fractal network on
metallic islands separated by thin insulating barriers [38], and
in thin films of 3D TIs like (Bi,Sb;_, ), Tes containing charged
defects induced by antisite disorder and magnetic dopants
[37].

In Fig. 2(b), we show the variation of In[p,,(7)] in the
low-temperature regime (2 to 230 K) as a function of 7~!/2.
A constant slope of this plot supports the SE-VRH model
of conduction. However, the data above ~30 K, as shown
in Fig. 2(c), are in better agreement with the T~!/*-type
dependence, indicating a dominant role of Mott VRH. The
Mott VRH finally gives way to the nearest-neighbor hopping
transport at T > 141 K corresponding to exponent p = 1.
The characteristic temperature Ty described in Eq. (1) can
be used to calculate the localization length & of the charge
carriers [44]:

2
= B @)
dmeeyTokp
where B,(= 2.8), e, &, &y, and kg are numerical constant,
electronic charge, dielectric constant, vacuum permeability,
and Boltzmann constant, respectively. The static dielectric
function ¢ for the disordered films of Sb,Tes is & 2200 [45].
With the value of Tp &~ 1.72 K calculated from the slope
of In[py.] vs T~!/2 plot [shown in Fig. 2(b)], the localiza-
tion length comes out to be &~ 12 nm. In the framework
of the theory of electronic transport in 3D TIs, this length
scale could be identified with the extent of charged puddles
[36]. Since the system under consideration is not a homoge-
neously disordered material like the doped or amorphous Si
or Ge, it is important to investigate the localization length
of ~12 nm in light of the microstructure of these films.
Figure S1 in the Supplemental Material [41] shows a
high-resolution transmission electron micrograph of the RT
deposited SbyTe; sample. The presence of islandlike fea-
tures of dimension ~14 =2 nm in the micrograph with a
crystalline interior, as evident from faint lattice fringes and
the fine structure of the diffused diffraction rings, indicates
that the low-temperature transport is controlled by tunnelling
of charge carriers between these islands. The Coulomb gap
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FIG. 3. Hall resistivity is plotted as a function of magnetic field at various temperatures for the films grown at (a) room temperature (RT),
(b) 100°C, (c) 150°C, and (d) 200 °C. (e)—(h) show the carrier concentration and Hall mobility calculated from the p,, and p,, data plotted as
a function of temperature for films deposited at RT, 100, 150, and 200 °C, respectively.

(Acg) associated with the SE conduction is expressed as [46]
kp

Acg = ?\/TOTé);set,

where T;%8*" is the temperature of onset of the SE conduction
on cooling the sample, which in this case is 230 K. With a Tj
of 1.72 K, Acg comes out to be &~ 0.3 meV. In general, the
Coulomb gap at the Fermi energy is a consequence of interac-
tions between localized electrons in a disordered system [47].
In a narrow band gap semiconductor like Sb,Tes containing
a high-conductivity island randomly distributed over a poorly
conducting background, the island may acquire a fractional
charge from the impurities in the system. These fractionally
charged islands create a random potential and hence the lo-
calization of electronic state and eventually a soft gap at Er
at sufficiently low temperatures [47,48]. It is expressed as
A ~ [3N'/?(Ep)/e3/?], where e, N(Er), and ¢ are electronic
charge, DOS at Er, and static dielectric function, respectively
[46]. Although the DOS in Sb,Tes is in the range of 10"
to 10% (states/eV cm?), the large dielectric function (*2200)
of this material leads to a small (0.3 meV) Coulomb gap.
However, this number is comparable with the Coulomb gap
measured in Ge-Sn alloys [36,49] and CuGaSe, crystals [46].

At higher temperatures, when the carriers acquire sufficient
energy, the electronic transport is not inhibited by the SE
gap. A crossover between two different temperature-activated
behaviors is seen in VRH. Generally, VRH evolves from the
Mott regime with a T~'/# dependence at higher temperature
to the SE with a 7~!/? dependence when the temperature is
lower than the width of the Coulomb gap [43,50]. The resis-
tivity data shown in Fig. 2(c) clearly suggest a dependence
of the type p(T) ~ exp (T,,/T)"/*, where T, is the character-
istic Mott temperature, which yields the localization length
£y = (21 £ D/[kgTyN(Ep)]'? [46]. However, an estimation
of &y requires the DOS at the Fermi energy. By approximating
the DOS from the carrier density at ambient temperature [46],
the localization length is ~40 nm, which for a carrier density
of 8x10'¥/cm? comes out to &7 of the average distance
between the carriers.

The results of the Hall resistivity measurements on the
Sb,Te; films as a function of magnetic field at vari-
ous temperatures ranging from 2 to 300 K are shown in

3

Figs. 3(a)-3(d). These are the antisymmetrized Hall resistivity
data [ pyy(B)], where the contribution of a small unbalanced
zero-field signal has been removed by using the expression
[pxy(+B) — py(—B)]/2. Considering the dominantly linear
field dependence of oy, (B) at all temperatures, these data have
been analyzed in the framework of a single-band conduction
model. The positive sign of py, in all samples indicates that
holes are the majority charge carriers. A linear fit to the mag-
netic field dependence of p,, yields the Hall coefficient (Ry),
which is used to estimate the carrier concentration (n;,) and the
Hall mobility (up) by utilizing the expressions n; = 1/eRy
and w, = Ry /p@B=0), respectively. The temperature depen-
dences of n;, and p;, for the RT, 100, 150, and 200 °C grown
samples are shown in Figs. 3(e)-3(h), respectively. The carrier
concentration at 300 K is the lowest (~6.0x10'® cm—?) for
the films grown at 100 and 150 °C. However, for the films
grown at RT and 200 °C, the ambient temperature value of
ny, is ~1.0x10% cm™3 and ~2.4x10'" cm™3, respectively.
The temperature dependences of n;, and w, of the RT and
100°C grown samples also show a rapid variation between
2 to 220 K, like the dependence to the longitudinal resistivity
where it is dominated by the SE hopping conduction. If we
look at the temperature dependence of longitudinal resistiv-
ity of the 100 °C grown sample, even though the resistance
decreases as the temperature is lowered from 300 to 2 K,
the change is very small [p,,(300K)/p.x(2K) = 1.1]. The
carrier mobility shows a small (*15%) increase with temper-
ature. This type of temperature dependence of Hall mobility
is expected when there is a change from band conduction
to VRH at low temperature in the impurity band. A similar
behavior of Hall mobility is seen in crystals of CuGaSe; [51].
However, a detailed understanding of the Hall conductivity in
the hopping regime required modeling of the self-interference
effects of the charge carrier wave function as it propagates
along different hopping paths in a magnetic field [52,53].

The nj, and w; of the samples grown at 150 and 200 °C
both show a decreasing trend as the temperature is raised from
2 K. The behaviors of nj, and u, measured at 2 and 300 K as
a function of film growth temperature are shown in Fig. 4.
It is interesting to note that the disordered film grown at RT
exhibits a higher carrier concentration than all the crystalline
films, whereas the Hall mobility is the least in this case.

075421-4



PLANAR HALL EFFECT AND MAGNETORESISTANCE OF ...

PHYSICAL REVIEW B 109, 075421 (2024)

——300 K 10
10} =
A oz
5 5
B &
113 10he
= @ =
o
= 10.01
<  -—m2K _ ,
0 50 100 150 200

Growth Temperature (°C)

FIG. 4. The carrier concentration and Hall mobility at 2 and
300 K as a function of growth temperature. The shaded bands from
the left to right in the figure represent increasing crystallinity. Sam-
ples grown at 7 > 100 °C are epitaxial.

The microstructure of the RT grown sample is very different.
In this case, transmission electron micrographs show island
like features embedded in an amorphous background (Fig.
S1 in the Supplemental Material [41]). This indicates that
the transport is controlled by tunnelling of charge carriers
between these islands. Similar values of 1, (9.1x10' cm—3)
and 1, (20 cm?/Vs) have been observed for a poorly crys-
talline film of Sb,Tes [31]. The higher carrier mobility in the
films grown at 7 > 100 °C is indicative of their (00/)-oriented
epitaxial nature where the transport takes place in the conduct-
ing ab planes of the crystal. A sudden increase in the carrier
concentration when the growth temperature exceeds 150°C
is suggestive of a tellurium (Te) deficiency in the film. Since
the vapor pressure of Te at ~200 °C is an order of magnitude
higher than the vapor pressure of Sb, it is likely that the films
become increasingly Te deficient as the growth temperature
is increased. The consequences of high vapor pressure are
seen dramatically when the growth temperature is increased
beyond =~ 300°C, where the sticking coefficients of Te and Sb
approach zero and no film grows on the substrate. A similar
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dependence of n;, on the growth temperature has been reported
by Fang et al. [29] for RF magnetron sputtered Sb,Tes de-
posited on Si(100) substrates. Nonetheless, our results of n;,
and p, for the 100 and 150 °C films are comparable with the
results of a 400-nm-thick film of Sb,Tes grown at 250 °C by
MBE where the values of n;, and w, are ~9.13x 10'® cm™3
and ~7.81x10% cm?/Vs, respectively [12]. Zhang et al.
[28] report similar values of n, (~2.1x10" cm™3) and Uh
(~3.0x10% cm? /Vs) for highly (00/)-textured Sb,Tes grown
by MBE on Si(111) at 280 °C. Kim et al. [6] show the range
of variation of n, (~10' to 10%° cm~3) and , (~0.5x% 107 to
3.0x10% cm?/Vs) for MBE grown films by varying the Te/Sb
flux ratio.

C. Magnetoresistance

Together with the Hall measurements, we have also mea-
sured the out-of-plane magnetic field dependence of the
longitudinal resistivity p,,. Figure 5 shows the symmetrized
Pux(B) {= [pxx(+B) + pxx(—B)]/2} data measured at various
temperatures. The RT grown sample shows a magnetoresis-
tance (MR) (= {[pxx(B) + pxx(0)]/ 0xx(0)} x 100%) as large as
~14% at 2 K, which drops rapidly on increasing the temper-
ature [Fig. 5(a)], reaching a value of ~0.2% at 300 K. The
100 °C grown sample has the smallest MR of ~3% at 2 K,
which drops to ~1% at 300 K [Fig. 5(b)]. These numbers
increase in films deposited at 150 and 200°C, as seen in
Figs. 5(c) and 5(d). The field and temperature dependences
of MR in a broad class of materials including metals, doped
oxides, semiconductors, and topological materials have been
understood in the framework of Kohler’s rule [39], which in its
simplest form states that the MR should follow a scaling law
of the form MR = f(B/py), where B is the applied magnetic
field and py the zero-field resistivity at a given tempera-
ture. The scaling law predicts that all MR curves measured
at different temperatures should fall into a single universal
curve.

The MR of the samples grown at 25, 100, 150, and
200°C is plotted as a function of B/pg in Fig. 5(e) and 5(f),

A9 © 2K Py 1K
Sel S10}
23 150°C = 5£200°C
0==="300K] O—= 250K,
02463810 02 46810
H (tesla) H (tesla)
. —
(2) 3101; (h) / 1
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150°c]  10°E77 w200 o
105 107 107 104 10° 102
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FIG. 5. Magnetoresistance (MR) measured as a function of magnetic field at various temperatures on (a) room temperature (RT), (b)
100°C, (c¢) 150°C, and (d) 200 °C grown samples. MR as a function of B/ p, at various temperatures for (e) RT, (f) 100°C, (g) 150 °C, and (h)

200 °C, and their corresponding Kohler’s fitting is shown by red curve.
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respectively. The MR of the disordered sample grown at
25 °C deviates strongly from the prediction of Kohler’s rule.
However, this is expected since, in the disordered state, the
Boltzmann semiclassical transport theory, based on which
Kohler’s rule is derived, is not applicable. While we also
observe deviations in the case of the crystalline samples
grown at 100, 150, and 200 °C, these deviations clearly re-
duce as we increase the growth temperature. For example, in
the case of the 150°C grown sample [Fig. 5(g)], the over-
lap is only over the B/py range of ~6x107* to ~5x1073
(T— u2 'em™), but for the 200°C films, it extends from
~5x107* to ~1x1072 (T — u2~ 'em™"). A modified form
of Kohler’s rule has been proposed by Xu et al. [39] to
account for the temperature-dependent variations in py. The
modified rule is expressed as MR = f[B/nrpy ], where nr
could be argued to be the carrier density renormalized by
the carrier effective mass m*. It successfully explains the
MR of a class of nonmagnetic Weyl semimetals like TaP and
the narrow band gap semiconductor InSb. We have applied
the modified Kohler’s rule propounded by Xu et al. [39] to the
data of the epitaxial films grown at 150 and 200 °C, by using
the carrier density (n;,) calculated from the Hall data. Here, we
implicitly assume that the carrier mass remains temperature
independent, and single-band model correctly describes the
carrier transport in SbyTes;. This modification results in a
significant convergence of the data, as shown in Fig. S2 in the
Supplemental Material [41]. In general, it has been observed
that the validation/violation of Kohler’s rule depends on the
electron density in the limit of zero temperature [39,54,55].
The rule does not hold if the electron density is low, but
it applies when the carrier density is high enough so that
the thermally induced charges in its value are insignificant.
The conventional metals and type-II Weyl semimetals with
high electron densities of ~ 10*2-10%* cm~> and high Fermi
energies of a few electronvolts obey Kohler’s rule. However,
the type-I semimetals typically having low carrier densities
fail to hold Kohler’s law [39].

A noticeable feature of the MR in epitaxial films of Sb,Tes
is its field dependence at different temperatures. The MR of
the 100 °C grown film at 2 K is characterized by a cusp in the
field range of 0 to £1 T. Beyond this field, it is nearly linear
in the magnetic field. This cusplike feature of MR disappears
above ~20 K. A similar feature is also seen in the 2 K data
of the 150°C deposited film, although it is confined to a
narrow range of field. This cusp in MR can be understood
in the framework of the WAL effect in two-dimensional (2D)
disordered films. It arises because the out-of-plane magnetic
field suppresses coherent backscattering of electrons due to
weak localization. The absence of any cusp in the MR data
of 200 °C grown film is consistent with the absence of weak
localization in this sample. The WAL effect has been seen in
the MBE grown Sb,Tes epitaxial film at 3.4 K for a very
narrow magnetic field range (= 0.1 T) [27]. We fit the
magnetoconductivity data to the well-known Hikami-Larkin-
Nagaoka (HLN) model [56] for the WAL effect, where the
change in electrical conductivity is expressed as

ae? 1 h h
Ao=—|V¥|-4+—~)—-In|——]]| @
2m2h 2 4el£B 4eld2)B

~ 0.0 gt 0.0 gremmmm—mr
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FIG. 6. Magnetoconductivity as a function of magnetic field at
2 K for (a) 100°C and (b) 150 °C grown samples. The corresponding
Hikami-Larkin-Nagaoka (HLN) fits are shown by red curves.

Here, W is a digamma function, /, the phase coherence length
of charge carriers, and the parameter « allows us to estimate
the number of conduction channels participating in transport.
The value of « is —% per conduction channel in 2D elec-
tron systems [57,58]. We calculate the magnetoconductivity
[Aoyy = 0y (B) — 04,(0)] from the resistivity data using the
expression oy = Pyyx/ (pfx + pfy), where 0,,(0) and o,,(B)
are the conductivities at zero field and in magnetic field B,
respectively. The Aoy, data measured at 2 K for 100 and
150°C grown samples fit well to the HLN equation in the
field range of —1.5 < B < 1.5 T, as shown in Fig. 6. The
fitting yields o ~ —0.06 and /4 ~ 64 nm for the 100 °C grown
film. Similarly, the extracted values for the 150 °C grown film
are o ~ —0.02 and /; &~ 245 nm. It is instructive to compare
these numbers with the data on Sb,Tes samples in different
forms. In monocrystalline nanowires, the prefactor o ~ —%,
indicating surface-state dominated transport [59], whereas for
epitaxial films grown using MBE, o = —1, suggesting a clean
surface and interface of the film, which contribute equally to
transport [27]. The significantly smaller magnitude of o seen
in the present case suggests that the transport is dominantly
governed by the bulk states. A similar behavior is seen in
textured films of BigsSbys [60] and Bi,Te; [61,62]. Since
electrical conduction in the films grown at 25 °C follows the
VRH mechanism [shown in Figs. 2(b) and 2(c)], we apply the
SE approach to analyze the MR data as well. The magnetic-
field-dependent resistivity in this case is expressed as [35,50]

n [%} = K;Bz, for B < B, (5a)
and
In [@} = f(B), forB > B, (5b)
p(0)

where B¢ defines the critical field which separates the two
regimes of behavior expressed by Egs. (5a) and (5b). For ES-
type VRH with p = 2 [see Eq. (1)], K, and f(B) are

2 411 T ]3/2
KS = t[eac%’ (6a)
and,
T, 3/5
f(B)=[7} , (6b)

where Ty(B) = fe’/ka* and a* = [ %]'°.
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FIG. 7. Magnetoresistance (MR) as a function of (a) B> and (b)
B'/3 at the low-temperature range for the room-temperature grown
sample. The insets of both panels represent natural log of the slopes
(calculated from the linear fit of the MR data) vs natural log of the
temperature. The In(K;) vs In(7) and In(P) vs In(7) data support the
theoretical predictions of K; oc 7732 and P o T~3/3, respectively.

The parameters are defined as ap is the Bohr radius, B is
a numerical constant, « is dielectric constant, e is electronic
charge, 7 is the Dirac constant, and c is the velocity of light.
Figure 7(a) shows the p(B) data of the RT sample at 7 < 20 K
plotted following Eq. (5a). The quadratic field dependence of
p(B)/po at low fields suggests that the electrical conduction
due to VRH is of the SE type [34,35]. The deviation of MR
from the B> dependence in Fig 7(a) marks the critical field
Bc. The MR at high field is better expressed by Eq. (5b), as
shown in Fig. 7(b). We also realize that the slopes of K and
f(B) calculated from Egs. (6a) and (6b) are proportional to
T—3/2 and T3/, respectively. The insets of Figs. 7(a) and
7(b) show the In(K;)vsIn(T) and In(P)vs In(T), respectively.
We observe perfect fits to the theoretically predicted slopes of
—% and —% for B < B¢ and B > B, respectively.

D. Anisotropic backscattering of charge
carriers—AMR and PHE

The spin-orbit-interaction-driven backscattering of charge
carriers results in an anisotropic charge transport as the angle
¢ between the current density and magnetic field vectors
laying on the plane of the film is changed from 0 to 2.
Such angular dependence of o and p,, allows the extraction
of AMR and PHE in magnetically ordered metals [63]. In
recent years, the anisotropic backscattering of charge carriers
has been seen in nonmagnetic materials as well where the
band topology dominates electronic transport [60—62,64—67].
We have measured the AMR and PHE of Sb,Tes films in a
geometry where the transport current J, flows along the length
of the Hall bar, and the induced electric fields E, and E; are
measured while the sample is rotated in the xy plane from O to

2 with respect to the direction of a coplanar magnetic field
(B). The angle ¢ between J, and B is zero when these two
vectors are parallel to each other. In metallic ferromagnets, the
longitudinal (o) and transverse (x,) components of the re-
sistivity tensor in this geometry can be expressed as [60,63,64]

Pex = P+ Apcos’p, (7a)

and

pry = FApsin g cos ¢, (7b)

where Ap = pj —py1, and p; and p; correspond to the
values of p,, for B perpendicular and B parallel to J,,
respectively. Since the o and p,, measurements are con-
taminated by erroneous misalignment of the plane of rotation
and film plane, which results in a nonzero out-of-plane
component of the magnetic field, we collect p,, and pyy
data for both positive and negative magnetic field and then
symmetrize the measured values to eliminate the antisym-
metric (Hall) contribution. Also, even after symmetrization of
Pxy [= {oxy(+H) + pry(—H)}/2], a zero-field misalignment
voltage across the Hall contacts will add to the PHE resistivity
(poxy). However, if the true PHE is significantly larger than the
magnetic-field-induced change in this constant voltage, it can
be subtracted from the measured py,. Figure 8 summarizes
the results of AMR and PHE measurements on the 100°C
grown sample. The variation of the longitudinal resistivity as
a function of angle ¢ (p?,) with respect to its value at ¢ = 90°
(pj;() is shown in Figs. 8(a) and 8(b) at a fixed field (9 T)
and at fixed temperature (2 K) with 7 and B as parameters,
respectively. Following Eqgs. 7(a) and 7(b), the peak value of
AMR (Ap) is negative in both cases. The inequality (p; >
o)) seen here is consistent with the observations made on other
topological materials. The temperature and field dependence
of peak AMR are summarized in Figs. 8(e) and 8(f). The
constant field (9 T) AMR amplitude at 300 K is ~#—102 nQ2 m.
and it decreases with temperature to reach a value *—86 nQ2 m
at ~200 K. A further drop in temperature results in enhanced
AMR until an inflexion point is reached at ~20 K. In the
WAL regime of T < 20 K, we note a drop in AMR. The
critical temperatures where the behavior of AMR changes
are nearly the same as the temperatures where the slopes of
carrier concentration and Hall mobility data shown in Fig. 3(f)
change. The most striking result of this paper is presented in
Fig. 8(f), which shows the field dependence of Ap,, at 2 K. It
is negative (o > pj), nonsaturating up to the maximum field,
and follows a B2 field dependence. In Figs. 8(g) and 8(h), we
summarize the behavior of the PHE (/o)‘fV with in-plane mag-
netic field). The oscillatory behavior of the PHE on variation
of ¢, with a period of = and the peak-to-peak amplitude nearly
the same as pj;—pjx, is consistent with Egs. (7a) and (7b).
Similarly, the temperature and field dependencies of the PHE
amplitude are nearly the same as that of AMR, as expected
from Eq. (7). The PHE amplitude at 300 K is ~—73 nQ2m,
which is more than an order of magnitude larger than in
Bi,Te; [61,62].

The AMR and PHE in magnetic alloys originate by virtue
of the s-d scattering near the Fermi energy. However, these
effects are not limited to only magnetic systems and re-
cently have been realized in nonmagnetic TIs and Dirac/Weyl
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FIG. 8. Anisotropic magnetoresistance (AMR) and planar Hall effect (PHE) measurements performed on 100 °C grown Sb,Te; sample:
(@) p?.—p vs ¢ in 9 T field at various temperatures ranging from 2 to 300 K, (b) p?.—p vs ¢ measured at 2 K for several values of magnetic
field, (c) pyy vs ¢ in 9 T measured at several temperatures, and (d) the p,, data at 2 K at constant field ranging from 1 to 9 T. (e) and (f) show
the variation of the peak amplitude of AMR [Eq. (4a)] as a function of temperature at 9 T and as a function of field at 2 K, respectively. (g)
and (h) show the variation of PHE amplitude at 9 T as a function of temperature and at 2 K measured at several fields, respectively.

semimetals [65-70]. Figure 9 displays a comparison of the
PHE magnitude |Apy,| for different material systems taken
from the literature. The semimetals such as bismuth [71,72],
GdPtBi [72,73], TaP [74], Cd3;As, [75], ZrTe, [76], VAl
[77], and MoTe, [78] possess very large (>10*n2 m) PHE
amplitude. Compared with these values, the PHE of the TI
BiyTes is rather low [61,62]. The PHE amplitudes of the
epitaxial Sb,Tes film reported here is an order of magnitude
higher than the PHE of crystalline Bi;Tes [61,62] and Weyl
semimetal NiTe, [80]. However, the AMR and PHE ampli-
tudes of 200 °C grown epitaxial Sb,Tes are ~#—9 and —11
n€2 m, respectively, which is ~6 times smaller than the 100 °C
grown epitaxial Sb,Tes but still larger than Bi,Tes [61,62].
The AMR and PHE data for 200 °C grown epitaxial Sb,Tes

1)—3—Bi
2) =% Bi (13.5T)
3) <p— GdPtBi (13.5T)
4) —®— GdPtBi (9T)
5) —fe=— TaP
6) —4— Cd,As,
7) —H— ZrTe,
8) =% VAL
9) MoTe,
10) == Cd,As,
11) =B Cd;As,
12) —=&— Sb,Te,,
this study
13) = BisSb, 5
14) —&— Co,Sn,S,
15) =&~ Bi,Tey/Si
16) =@— Bi, Tey/ALO,
17) =<— Bi, Te,
18) —=— NiTe, (14T)
19) <— NiTe,

10°

10*

10°

10°

PHE magnitude (nQ2 m)

0 100 200 300
T (K)

FIG. 9. Temperature-dependent planar Hall effect (PHE) magni-
tude |Ap,,| comparison of various materials from the literature with
this paper. References: (1) bismuth [71], (2) bismuth (13.5 T) [72],
(3) GdPtBi (13.5 T) [72], (4) GdPtBi (9 T) [73], (5) TaP [74], (6)
Cd;As, [75], (7) ZrTe, [76], (8) VAl; [77], (9) MoTe, [78], (10)
Cd;As, [75], (11) Cd;As, [75], (12) this paper, (13) BigsSbys [60],
(14) Co3Sn,S, [79], (15) BiyTes/Al,O5 [62], (16) BiyTes/Si [62],
(17) Biy Tes [61], (18) NiTe, (14 T) [80], and (19) NiTe, [80].

film measured at 300 K with the application of 9 T mag-
netic field are shown in Fig. S3 in the Supplemental Material
[41]. The conduction in topologically protected surface states
and a nontrivial band topology are the origins of AMR and
PHE in these materials [64,68]. The PHE may also derive an
anomalous contribution from hexagonal-wrapped 2D surface
states in the TIs which is expected to have a 27/3 periodicity
and B field dependence [69,70]. We have used the approach
described by Wang et al. [70] to extract the buried anomalous
planar Hall effect (APHE) signal in the data of Figs. 8(c) and
8(d). The result of this analysis presented in Fig. S4 in the
Supplemental Material [41] does not indicate a 27/3 periodic-
ity and B* field dependence. In addition, the strong spin-orbit
coupling in some of these heavy-element-based systems may
also lead to anisotropic in-plane transport [60,61]. Several
experiments and theories also highlight a magnetic-disorder-
induced anisotropic backscattering contributing to the PHE of
the TIs. An experimental observation of the PHE by Taskin
et al. [64] in doped Bi,_,Sb,Te; is argued to be due to
the spins of magnetic impurities in the system. Zheng et al.
[67] proposed a microscopic mechanism to account for the
observation of AMR and PHE in TIs. They suggest that the
tilting of the Dirac cone by virtue of an in-plane applied field
may lead to AMR, independent of the magnetic nature of the
scatterers. The nontopological generation of the PHE in TIs
or even in Weyl/Dirac semimetals can also be understood by
this tilt-induced PHE theory [67].

The chiral anomaly has also been considered the origin
of the PHE in Weyl/Dirac semimetals [72,79]. We explore
this possibility in Fig. 10 by plotting the p., vs px. orbits
generated from the data of Figs. 8(b) and 8(d) collected for
different field values at 2 K. The criterion for the presence
of the chiral anomaly is that all the orbits measured at dif-
ferent fields should be concentric [72,80,81]. Such plots have
been seen for Na3;Bi and GdPtBi where the source of the
PHE is chiral anomaly [72]. On the other hand, the systems
such as Bi [72], NiTe, [80] and TaSe; [81], with no chiral
anomaly show a shock-wave-type expansion, where the orbits
expand strongly to the left, indicating that the higher mobility
creates exaggerated skewing of the leftward expansion. The
formation of a shock-wave pattern in the parametric plot
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FIG. 10. The p,, Vs p, orbit plot for specified magnetic fields
with angle 6 parametrization, measured at 2 K. The shock-wave
pattern formation as the orbits evolve suggests the absence of chiral
anomaly.

indicates the absence of a chiral anomaly in these Sb,Tes
film.

The Sb,Tes films investigated here are relatively thick with
broader FWHM of the diffraction lines, suggesting deviation
from ideal epitaxy. Also, the value of parameter « is —0.06,
which is very low. It is likely that the topological surface states
are not fully preserved [27,57-59]. Moreover, it is known that
the bulk states contribute predominantly to AMR and PHE
in thicker films of TIs [60-62]. This could be a reason for
the generation of AMR and PHE in these Sb,Te; epitaxial
samples.

IV. CONCLUSIONS

In summary, the sesquichalcogenide Sb,Te; is an impor-
tant semimetal due to its thermoelectricity and its recently
discovered band topology which puts it in the category of

quantum materials. We have addressed the charge carrier
transport and anisotropic backscattering of charge carriers in
thin films of Sb,Te; with different degrees of crystallographic
order stabilized by controlling their growth temperature.
While the RT grown films are an ensemble of nanocrystals
dispersed in an amorphous host, the films grown at 100, 150,
and 200 °C are epitaxial with FWHM of w scans as narrow as
0.17° and 0.16 °, respectively. Charge transport in the disor-
dered films has prominent signatures of the SE VRH with the
characteristic localization length and Coulomb gap of ~12 nm
and 0.3 meV, respectively. The majority charge carriers in
epitaxial films are holes with a density of ~10' cm™> and
Hall mobility of ~10%cm? V~!s~!, displaying no significant
change in the temperature range of 2-300 K. The OMR of the
epitaxial films is positive, nonsaturating until the maximum
field of 9 T, and follows Kohler’s rule if the temperature
dependence of the carrier density is accounted for. WAL is
a dominant feature of transport at 7 < 20 K in epitaxial film
grown at T < 150 °C, whereas Te vacancies in samples grown
at higher temperatures suppress it. The samples show robust
anisotropic back scattering of charge carriers in a magnetic
field. The measured negative PHE amplitude of ~73 nQ2 m is
an order of magnitude larger than the PHE of Bi,Tes films. We
believe that these AMR and PHE results for epitaxial Sb,Tes
films would be valuable for the development of sensors and
for understanding electronic transport in similar topological
materials.
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