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Topological materials often exhibit remarkably linear, non-saturating magnetoresistance (LMR),
which is both of scientific and technological importance. However, the role of topologically non-
trivial states in the emergence of such a behaviour has eluded clear demonstration in experiments.
Here, by reducing the coupling between the topological surface states (TSS) and the bulk carriers
we controllably tune the LMR behavior in Pt1−xAuxLuSb into distinct plateaus in Hall resistance,
which we show arise from a quantum Hall phase. This allowed us to reveal how smearing of the
Landau levels, which otherwise give rise to a quantum Hall phase, results in an LMR behavior due
to strong interaction between the TSS with a positive g-factor and the bulk carriers. We establish
that controlling the coupling strength between the surface and the bulk carriers in topological
materials can bring about dramatic changes in their magnetotransport behavior. In addition, our
work outlines a strategy to reveal macroscopic physical observables of TSS in compounds with a
semi-metallic bulk band structure, as is the case in multi-functional Heusler compounds, thereby
opening up opportunities for their utilization in hybrid quantum structures.

I. INTRODUCTION

In conventional materials, resistance under the appli-
cation of magnetic field is expected to have a quadratic
dependence on the magnetic field strength (H), saturat-
ing at high field values (νµ0H ≥ 1, ν - carrier mobility, µ0

- vacuum permeability), except for systems where elec-
tron and hole densities are perfectly compensated [1]. In
contrast, magnetoresistance in a number of topological
materials exhibits remarkably linear dependence on the
magnetic field strength [2–6]. Several theoretical propos-
als have been put forward to explain such a phenomenon,
which can be classified into two distinct categories. One
set of theoretical proposals invokes generic semi-classical
considerations such as spatial mobility fluctuations due
to nanoscale inhomogeneity [7, 8], guiding center diffu-
sion in a weak disorder [9], and long-range correlated
disorder [10]. In contrast, the other set of proposals rely
on some characteristics of the topological states such as
the extreme quantum limit of linearly dispersive states
where only the lowest Landau level is occupied [11], Zee-

man splitting of the Landau levels arising from the topo-
logical surface states (TSS) [12], and quantum coherence
effects in the electronic states with strong spin-orbit cou-
pling [5, 13]. However, the mechanism behind the ori-
gin of such a phenomenon in topological materials and
the role of TSS have remained unclear due to the dif-
ficulty in distinguishing between these disparate scenar-
ios in experiments. Furthermore, although a plethora
of interesting topological states have been predicted in
semi-metallic systems [14–16], including multi-functional
Heusler compounds[17–22], the inability to disentangle
the contribution of the topological states from the bulk
carriers imposes serious constraints on their utilization
in functional devices. To address these outstanding is-
sues, we have adopted a strategy of controllably tuning
the linear magnetoresistance behavior in semi-metallic,
half-Heusler epitaxial thin films into a quantum Hall-like
phase that arises from the TSS, which is achieved by
modifying the coupling between the surface and the bulk
carriers.

In the half-Heusler compound PtLuSb, a band in-
version is predicted between the Γ8 (p-type character)
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and the Γ6 (s-type character) manifolds resulting in its
topologically non-trivial character [17, 18, 23]. In such
cases, bulk-boundary correspondence guarantees the ex-
istence of TSS that have been observed in recent angle-
resolved photoemission spectroscopy (ARPES) measure-
ments [23]. However, the presence of a large number
of bulk carriers, due to the semimetallic nature of these
compounds, have precluded the identification of macro-
scopic physical observables of the TSS in any Heusler
compound till date. Intrinsic doping in these compounds,
ascribed to the presence of anti-site defects [24], further
exacerbates the problem. In PtLuSb, this results in the
Fermi level to lie deep inside the valence band in contra-
diction to the density functional theory (DFT) calcula-
tions. From the DFT calculations the chemical potential
is expected to lie at the quadratic band touching point
(Γ8), at the top of the bulk valence band (Fig. 1(d))
[23, 25]. By substituting a few Pt atoms with Au in
Pt1−xAuxLuSb thin films, where Au atoms are expected
to contribute one extra electron compared to Pt, we are
able to lower the bulk carrier concentration by more than
two orders of magnitude compared to the parent com-
pound. The chemical potential in the bulk in such cases
is expected to lie close to the bottom of the conduction
band, as shown in Fig. 1(d).

In Pt1−xAuxLuSb samples with low Au concentra-
tion, we show how TSS interact strongly with the semi-
localized charge carriers in the bulk leading to LMR.
With an increase in the Au concentration the coupling
between the surface states and the bulk carriers is re-
duced. Consequently, the LMR behavior is transformed
to reveal well-defined resistance plateaus as a function of
magnetic field, which we argue arise from a quantum Hall
phase. This has allowed us to identify the mechanism
behind the origin of LMR in topological Pt1−xAuxLuSb
thin films and elucidate the role of TSS and their cou-
pling with the localized bulk carriers. Furthermore, our
magneto-transport results on substitution alloyed thin
films establishes a strategy to reveal properties of TSS
in semi-metallic systems. In particular, for the Heusler
compounds this can potentially open up the possibility of
fabricating high-quality hybrid devices [26, 27] by com-
bining the topological properties with magnetism [28]
and superconductivity [29, 30] within the same material
system, utilizing their multi-functional, yet structurally
similar nature [31–34].

II. RESULTS

A. Thin film growth and magnetotransport at low
fields

Epitaxial thin films of 15 nm thick Pt1−xAuxLuSb
were synthesized on InSb buffer layer on GaAs(001) sub-
strates. Details of the growth process and film char-
acterization can be found in the Methods section and
in the Supplementary Material [35]. The addition of
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FIG. 1. Transport properties of Pt1−xAuxLuSb thin films.
(a) Magnetoresistance and (b) Hall resistance at 2K as a
function of Au concentration in Pt1−xAuxLuSb thin films.
Inset in (a) shows the magnetoresistance and Hall resistance
of PtLuSb. (c) Carrier concentration and mobility (ν) as a
function of Au concentration in Pt1−xAuxLuSb, estimated
from the Hall coefficient. (d) Position of the Fermi level as a
function of Au concentration (see text).

Au is found to have a dramatic effect on the charge
transport in Pt1−xAuxLuSb thin films. Magnetoresis-
tance (∆ρxx(B)/ρxx(0)) in substitution alloyed thin films
increases by more than two orders of magnitude com-
pared to PtLuSb, as shown in Fig. 1(a). Magnetoresis-
tance in thin films with a low Au concentration (x =1/8)
shows a remarkably linear non-saturating magnetoresis-
tance behavior. When the gold concentration is increased
(x=3/8, 1/2), it evolves into a sub-linear magnetic field
dependence of the magnetoresistance that begins to sat-
urate at high magnetic fields. The carrier concentration,
as estimated from the low-field Hall measurements, drops
from 3.53×1020 cm−3 in PtLuSb to 7.53×1017 cm−3 in
Pt7/8Au1/8LuSb, a change by almost three orders of mag-
nitude on the addition of gold. Low-field Hall measure-
ments also indicate a change in the carrier type from
predominantly p-type to n-type in the gold alloyed sam-
ples. The bulk band structure obtained from the density
functional theory (DFT) calculations coupled with the
estimated carrier concentration (details can be found in
the Supplementary Material [35]) indicate that the Fermi
level lies very close to the four-fold degenerate Γ8 point
in the gold doped samples, as shown in Fig. 1(d).
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B. Electronic structure measured by ARPES

In addition to donating one extra electron per formula
unit, the addition of gold is expected to maintain the
band inversion similar to what has been predicted for the
parent compound PtLuSb [35], thus providing a pathway
to tune the occupation of the TSS. In our experiment, the
changes in the electronic structure due to substitution al-
loying of gold in Pt1−xAuxLuSb is directly observed in
the angle-resolved photoemission spectroscopy (ARPES)
measurements. In Fig. 2, we show the ARPES data taken
along Γ - X of the surface Brillouin zone (see Figs. S6,S7
in [35]) close to the bulk Γ point for three different gold
concentrations in Pt1−xAuxLuSb with x = 0, 1/8, and
3/8. For the parent compound PtLuSb, the extracted
dispersion of the TSS, shown in Fig. 2(d), is identical
to what has been observed in our previous work, where
spin-momentum locking of the surface state was revealed
by spin-resolved ARPES [23]. This confirms that we are
measuring the same linearly dispersive TSS in our cur-
rent set of samples. The two-dimensional nature of the
TSS is established by the photon energy dependent mea-
surements, shown in Fig. S7 in [35]. Upon the addition of
gold, the chemical potential is shifted to higher energies
but the dispersion of the TSS remains mostly unchanged
(Fig. 2). The measured Fermi velocity of the TSS is vF
= 4.85 × 105 m/s, which is in close agreement with the
predicted vF = 4.9 ± 0.3 × 105 m/s in the DFT slab
calculations (see Fig. S6 in [35]). From the extracted dis-
persion of the TSS, we estimate the shift in the surface
Fermi energy due to the addition of Au to be 180 meV
and 330 meV in Pt7/8Au1/8LuSb and Pt5/8Au3/8LuSb,
respectively, shown in Fig. 2(d).

C. Massive Dirac fermions and surface band
bending

In Pt5/8Au3/8LuSb, the surface Fermi level is suffi-
ciently raised to reveal the band gap in TSS (Fig. 2(c))
indicative of the formation of massive Dirac fermions
due to coupling between the TSS at opposite surfaces
in Pt1−xAuxLuSb thin films (see also Fig. S7 in [35]).
The wavefunctions of TSS at opposite surfaces are ex-
pected to overlap and open a bandgap in thin films for
thicknesses less than the critical thickness ξc, given by
ξc = 2~vF /∆. Here, ∆ is the charge excitation gap
and ξ is the surface penetration depth [36]. We esti-
mate a bulk band gap of 18.72 meV in our 15 nm thick
films due to quantum confinement from the k.p fitting
of the bulk band structure calculated from DFT (see
Section IV, Fig. S10 in [35]). This results in a critical
thickness ξc ≈ 34 nm, which is larger than the thick-
ness of our thin films (15 nm) indicating a significant
overlap between the TSS wavefunctions at the opposite
surfaces, in agreement with our ARPES data. A compar-
ison between the Fermi levels obtained from the ARPES
(surface) and Hall measurements (bulk) indicates an up-
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FIG. 2. Topological surface state in Pt1−xAuxLuSb thin
films. ARPES measurements along Γ - X in Pt1−xAuxLuSb
thin films close to the bulk Γ point for (a) x= 0 (b) x= 1/8 (c)
x= 3/8. (d) Extracted dispersion of the topological surface
state (TSS) showing the shift in the Fermi level (EF ) with
the addition of gold (Au). (e) Schematic of the upward band-
bending observed in Pt1−xAuxLuSb thin films. ∆1, ∆2, and
∆3 represent the position of the Fermi level with respect to Γ8

in the bulk (∆1), the position of the linear extrapolated cross-
ing point (LECP) with respect to Γ8 (∆2), and the position
of the LECP with respect to the Fermi level at the surface
(∆3), which are estimated from the Hall measurements along
with the bulk DFT calculations, DFT slab calculations, and
ARPES measurements, respectively. Band bending (∆bb) is
obtained as ∆bb = ∆1 + ∆2 + ∆3. Details about the esti-
mation of band bending can be found in the Supplementary
Material [35].

ward band-bending near the sample surface, as shown
schematically in Fig. 2(e), typically observed in semicon-
ductors where the Fermi level is pinned at the surface
[37]. While the band-bending is negligible (3 meV) in
PtLuSb, a steep band-bending of 225 meV and 123 meV
is observed for Pt7/8Au1/8LuSb and Pt5/8Au3/8LuSb, re-
spectively. Details about the estimation of band-bending
can be found in the Supplementary Material [35] (Section
II, Table S1). The observed trend is likely due to the pres-
ence of surface/interfacial states coupled with low bulk
carrier concentration in the gold doped samples. In con-
trast, in PtLuSb where the bulk carrier concentration is
large, the band bending effect is indeed negligible. The
presence of bulk bands crossing the Fermi level at the
surface in addition to the TSS due to the semi-metallic
nature of Pt1−xAuxLuSb is expected to result in a short
depletion width. A depletion width shorter than the film
thickness (15 nm) would result in different Fermi level es-
timations from the ARPES measurements that primarily
probe the surface region and the bulk transport measure-
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ments, as is observed in Pt1−xAuxLuSb thin films.

D. Quantum Hall effect in Pt1−xAuxLuSb thin
films

Having gained an understanding of both the bulk
and the surface electronic structure in Pt1−xAuxLuSb
thin films, we turn towards their magnetotransport data,
where the measurements were taken upto a high magnetic
field value of 45 T. Remarkably linear non-saturating
magnetoresistance is observed in Pt7/8Au1/8LuSb from
very low magnetic field values up to a magnetic field of
≈22 T, above which it begins to deviate (Fig. 3(a)). How-
ever, in Pt3/4Au1/4LuSb the LMR behavior is observed
only between ≈6 and 14.5 T, where a crossover from a
sub-linear to linear magnetoresistance happens at ≈ 6
T, shown in Fig. 3(b). Such a crossover has been ob-
served in a number of material systems with TSS [3, 38]
and is attributed to a reduction in surface-bulk cou-
pling. In Pt5/8Au3/8LuSb and Pt1/2Au1/2LuSb, where
the surface-bulk coupling is even weaker as discussed in
the next section, linear magnetoresistance is completely
absent, and the resistance exhibits a sub-linear magnetic
field dependence throughout the measured field range
(Fig. 3(c)-(d)).

Although the magnetoresistance behavior of
Pt1−xAuxLuSb films with different Au concentra-
tion appears very different, that they share a common
underlying origin is established from their respective

magnetoconductance plots Gxx/xy =
Rxx/xy
R2
xx+R

2
xy

, shown in

Fig. 3(e)-(h). For all Au concentrations measured in this
study, plateaus in Gxy emerge at high magnetic fields
above ≈10T, when the bulk quantum limit is reached
(Fig. 3(e)-(h), see also Section IV, Fig. S11 in [35]). The
plateaus in Gxy is accompanied by a corresponding local
maxima in Gxx as expected for quantum Hall states.
However, in contrast to the traditional quantum Hall
systems we observe local minima in magnetoresistance
instead of local maxima. This could be explained by
noting that in Pt1−xAuxLuSb, Rxy � Rxx, leading
to an additional negative sign when converting to
resistance using the conductance tensor [39]. The local
minima in magnetoresistance indeed correspond to the
local maxima in magnetoconductance, as shown in
Fig. 3(i)-(l).

Moreover, the observed magnitude of Rxy/Gxy is not
quantized in units of (h/e2)/(e2/h). This is to be ex-
pected due to the semi-metallic nature of Pt1−xAuxLuSb
and also due to parallel conduction from InSb buffer lay-
ers in Pt1−xAuxLuSb thin film structures, evident from
positive magnetoresistance and non-linear Hall resistance
(see Fig. 1 (a)-(b)). This can be contrasted with the sit-
uation in near-surface InSb quantum wells where the n-
type quantum Hall effect is expected to be much better
behaved with much less parallel conduction compared to
Pt1−xAuxLuSb, yet exhibits Rxy not being quantized at
the expected values [40]. In Pt1−xAuxLuSb, the situation

is exacerbated due to the presence of multiple carriers of
opposite polarity (n-type bulk carriers and p-type carri-
ers from TSS) that leads to a change in sign of the Hall
voltage with applied magnetic field (Fig. 3). Therefore,
although perfect quantization could not be achieved in
Pt1−xAuxLuSb thin film structures, the observation of
well-defined plateaus in Gxy and corresponding maxima
in Gxx is taken as evidence for the emergence of quan-
tum Hall phase, which is ascribed to the presence of two-
dimensional TSS. We will further discuss the origin of
such a phase and rule out other possible alternate sce-
narios in Section III.

E. Weak anti-localization and evidence for
surface-bulk coupling

Weak anti-localization (WAL) observed at low mag-
netic fields in Pt1−xAuxLuSb thin films, shown in Fig. 4,
provides additional insights into their magnetoresis-
tance behavior. Angle-dependent magnetotransport es-
tablishes two-dimensional nature of the observed WAL
(Fig. 4(a)-(b)), ascribed to the presence of strongly spin-
orbit coupled TSS as revealed by the ARPES measure-
ments. WAL behavior in Pt1−xAuxLuSb can be well de-
scribed by the Hikami-Larkin-Nagaoka(HLN) theory [41]
given by

∆G = −α e
2

πh
[Ψ(

1

2
+
Bφ
B⊥

)− ln(
Bφ
B⊥

)], (1)

where Ψ is the digamma function, and Bφ = ~
4el2φ

is the

characteristic magnetic field corresponding to the phase
coherence length lφ. The temperature dependence of
the pre-factor α and the phase coherence length lφ as
a function of temperature, as extracted from the HLN
fits, are shown in Fig. 4(d) and 4(e), respectively. The
magnitude of α is expected to be 0.5 for an independent
strongly spin-orbit coupled two-dimensional channel [41].
For typical topological insulators, α is expected to be 1
corresponding to two independent TSS at the opposite
surfaces, which becomes equal to 0.5 when the two TSS
at the opposite surfaces interact with each other lead-
ing to a single coherent channel [39]. α values of less
than 0.5, as observed in the Pt1−xAuxLuSb thin films,
can arise due to the presence of strong disorder where
higher order quantum corrections that goes beyond well-
defined diffusive transport become important. In such
cases, HLN analysis is still valid, but with a reduced
pre-factor α′ = (0.5 - 1/πγ), where γ = G

e2/h [42, 43].

The obtained values of γ in the range of 0.75-0.85 places
Pt1−xAuxLuSb thin films close to the weakly insulating
regime (1< γ < 3). It is observed that Pt1−xAuxLuSb
thin films with a lower Au concentration show enhanced
tendency towards a stronger localization behavior (γ <<
1). The lower values of γ corresponds to larger longi-
tudinal resistance (Rxx, Fig. 3) in Pt1−xAuxLuSb thin
films providing further evidence for a disorder driven re-
duction of the WAL effect. Reduced WAL effect (α <
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(j) Pt3/4Au1/4LuSb, (k) Pt5/8Au3/8LuSb, (l) Pt1/2Au1/2LuSb. Linear magnetoresistance behavior in Pt7/8Au1/8LuSb and in
Pt3/4Au1/4LuSb is highlighted by a light violet background in (a),(i) and (b),(j), respectively.
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0.5) may also arise due to a reduction in the Berry phase
φ = π(1−∆h/2µ) driven by a hybridization gap opening
in the TSS (∆h), when the Fermi level (EF ) is compara-
ble to the hybridization gap [44, 45]. Although, such an
effect cannot be completely ruled out, we believe it plays
a less significant role for the following reasons. First, the
surface Fermi level changes by ≈ 150 meV (Fig. 2(d))
between Pt7/8Au1/8LuSb and Pt5/8Au3/8LuSb, with it
lying within the hybridization gap in Pt5/8Au3/8LuSb.
In such a scenario, a much larger change in the α val-
ues would be expected between Pt7/8Au1/8LuSb and
Pt5/8Au3/8LuSb, contrary to what has been experimen-
tally observed. Second, a crossover from a WAL to a
weak localization (WL) behavior is expected when the
chemical potential lies within the hybridisation gap [45],
which is not observed in Pt5/8Au3/8LuSb. Furthermore,
evidence for a strong disorder effect in Pt1−xAuxLuSb
thin films is also obtained by examining the temperature
dependence of the phase coherence length (lφ) (Fig. 4(e)),
which shows a power-law behavior lφ ∝ T−0.51. This is
indicative of Nyquist dephasing due to electron-electron
interaction effects in two-dimensional systems [46]. In
addition, at low temperatures we find evidence for an en-
hanced dephasing rate, which is plausibly due to the cou-
pling between the surface states and quasi-localised bulk
carriers in the variable-range hopping (VRH) regime, as
has been observed in other three-dimensional topological
insulators [47].

III. DISCUSSION

A. Two Dirac model

Having described the magnetotransport properties in
our thin films we now construct a simple model to es-
tablish that the observed quantum Hall states originate
from the topological surface states (TSS). We assume the
presence of linearly dispersive TSS at both the surfaces
of our thin films given by

HTSS = ~vf (kxσy − kyσx)⊗ τz, (2)

where the film surface vector is along the z axis, σi (τi)
represents the spin (surface) subspace[48]. We further
add a Zeeman term (HZ), a hybridization term (Hhyb)
that captures the interaction between the two TSS at op-
posite surfaces leading to the opening of a hybridization
gap as observed in the ARPES measurements, and an
inversion symmetry breaking term (Hinvb) that lifts the
degeneracy between the TSS at opposite surfaces, which
could arise due to different screening effect and/or dif-
ferent surface potential at the two surfaces. The total
Hamiltonian is
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FIG. 5. Fits to the quantum Hall data in Pt1−xAuxLuSb.
Conductance plots and corresponding fits to the two-Dirac
model, as described in the text, for (a) Pt7/8Au1/8LuSb, (b)
Pt3/4Au1/4LuSb, (c) Pt5/8Au3/8LuSb, (d) Pt1/2Au1/2LuSb.
DOS↑ and DOS↓ are the contributions from the Zeeman split
Landau levels with spin directions along and opposite to the
applied magnetic field, respectively.

Htot = HTSS +HZ +Hhyb +Hinvb,

where
(3)

HZ = gµBB0σz ⊗ 1 (4)

Hhyb = ∆h1⊗ τx (5)

Hinvb = ∆i1⊗ τz. (6)

Note that the g-factor is the effective g-factor that in-
corporates orbital contributions of the bulk bands, thus
capturing the modification of the surface state dispersion
from the ideal Dirac-like behavior. Evidence for g-factor
anisotropy in the surface states is obtained from the
angle-dependent magnetoresistance measurements (see
Figs. S8,S9 in [35]) From the equations above we obtain
the Landau energy levels given by

µ =
[
2v2Fne~B0 + (gµBB0)2 + ∆2

h + ∆2
i

±2
√

(gµBB0∆i)2 + (gµBB0∆h)2 + 2v2Fne~B0∆2
i

]1/2
.

(7)

In Fig. 5 we plot the calculated density of states from the
above model, which describes the quantum Hall behav-
ior in our thin films very well. We note that the Zeeman
split Landau levels observed between 28 and 45 Tesla
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TABLE I. Model parameters

Parameters Au -1/8 Au - 1/4 Au - 3/8 Au - 1/2
1. µ (meV) 126 130 116 115
2. g 7.5 6.6 10.3 9.4
3. ∆h (meV) 66 73 51 48
4. ∆i (meV) 3 2 3 3
5. kF (Å−1) 0.034 0.034 0.033 0.033

in Pt1−xAuxLuSb thin films correspond to n = 1 from
where the carrier concentration of the TSS is obtained,
which varies from 1.7×1012 cm−2 in Pt7/8Au1/8LuSb to

1.8×1012 cm−2 in Pt1/2Au1/2LuSb. Inclusion of a finite
g-factor and a hybridization gap of the TSS was found to
be essential to model our data in agreement with the ob-
servation of a finite gap in TSS in the ARPES data. The
extracted parameters from the model are summarised
in Table 1. From magnetotransport, similar chemical
potential values are obtained for two different Au con-
centrations viz. Pt7/8Au1/8LuSb and Pt5/8Au3/8LuSb
at high magnetic fields (Table 1), which, however, dif-
fer significantly from the zero-field values obtained from
the ARPES measurements (Fig. 2, see ∆3 values in Ta-
ble S1 in [35]). However, the chemical potential values
in Pt7/8Au1/8LuSb, which has the lowest bulk carrier
concentration, are found to be very similar at both zero
and high magnetic fields. Such a behavior can be under-
stood by noting that the quantum Hall states appear in
Pt1−xAuxLuSb thin films after they are in the bulk quan-
tum limit [35], which results in a similar band-bending
behavior at high magnetic fields for different gold con-
centrations, but can differ at low fields due to different
bulk screening effect.

B. Ruling out alternate scenarios

To rule out the possible bulk origin of the observed
quantum Hall effect we explicitly calculated the Landau
levels taking into account both the orbital and Zeeman
effects along with the quantum confinement due to the
finite thickness of our thin films. We utilized a k.p fit-
ting of the bulk-band structure along with the estimated
Fermi levels from the low-field Hall coefficient (Fig. 1(d))
for the calculations, details of which can be found in the
Supplementary Material [35] (Section IV, Figs. S10,S11).
Even after the inclusion of a range of plausible g-factor
values for the bulk bands, the experimental data cannot
be reconciled with the estimated Landau levels ruling out
the possibility of their bulk origin (see Fig. S11 in [35]).
Another possible origin of the observed quantum Hall
behavior is the presence of massive, doubly degenerate
Volkov-Pankratov states at the Pt1−xAuxLuSb / InSb
hetero-interface [49–51]. However, such states can only
arise for a smooth hetero-interface where the gap evolves
over a length l greater than ξ, which is impossible in
our case as the estimated value of ξ in Pt1−xAuxLuSb

thin films exceeds the film thickness. Another tantaliz-
ing possibility for the origin of the observed quantum Hall
effect could be the Fermi arc states [15] that originate
from magnetic field induced Weyl points, as has been
predicted in the half-Heusler compounds [52]. However,
symmetry constraints on the Fermi arc states explicitly
rule out the possibility of lifting the degeneracy of the
Fermi arc induced quantum Hall states under a mag-
netic field, in contrast to our experimental observation
(see Figs. S12,S13 in [35]).

We can also comprehensively rule out the possibility
that the observed quantum Hall states might arise due
to the surface accumulation layer in InSb, which is used
as a buffer layer in Pt1−xAuxLuSb thin films structures.
First, as seen in Fig. 3, the quantum Hall states arise
from p-type carriers as would be expected from TSS in
Pt1−xAuxLuSb, whereas the carriers in InSb buffer layer
are n-type and does not show any indication of a quantum
Hall phase till 45 Tesla (See Fig. S14 in [35]). Second, the
p-type carrier concentration estimated from the observed
quantum Hall plateaus ranges from 1.7×1012 - 1.8×1012

cm−2 in Pt1−xAuxLuSb thin films. The only way this
can arise from InSb would be if the surface Fermi level
in InSb is pinned approximately 70 meV below the va-
lence band maxima in InSb (see Section VI and Fig. S16
in [35]), which is extremely unlikely and to the best of
our knowledge has never been reported in the literature.
Indeed, direct measurement of the InSb (001) surface by
scanning tunnelling spectroscopy (STS) reveals that the
Fermi level is always pinned above the valence band max-
ima (see Section VI and Fig. S15 in [35]). Finally, another
possibility could be bonding mismatch induced 2DEG at
the Pt1−xAuxLuSb/InSb heterointerface as has recently
been observed for the case of LuSb (rock-salt)/GaSb
(zinc-blende) structure[53]. However, in such cases the
2DEG is expected to have very low mobility and much
higher carrier concentration than what is observed here.
It is also noted that the half-Heusler crystal structure of
Pt1−xAuxLuSb contains a zinc-blende sub-lattice similar
to InSb (zinc blende). Therefore, the bonding mismatch
induced effects are expected to be much less pronounced
at the Pt1−xAuxLuSb/InSb heterointerface due to their
higher degree of structural similarity, where a continu-
ous Sb sub-lattice extends from InSb into Pt1−xAuxLuSb
layers (see Fig. S1(d) in [35]).

C. Origin of quantum Hall effect and its evolution
with Au concentration in Pt1−xAuxLuSb thin films

Our magnetotransport results, analysis of the WAL
effect, and modelling of the quantum Hall data allows
us to elucidate the origin of the linear magnetoresis-
tance and its transmutation into a quantum Hall phase
in Pt1−xAuxLuSb thin films. At low Au concentration,
TSS interact strongly with the semi-localized charge car-
riers in the bulk [54], most likely formed around inho-
mogeneously distributed Au dopant atoms. This leads
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to a broadening of the Landau levels of the TSS, evident
from the magnetoconductance data in Fig. 3(e),(i), and
manifests in a magnetoresistance behavior that is linear
in magnetic field. Our data points to a mechanism sim-
ilar to the one proposed by Wang and Lei [12], where
Zeeman splitting of the TSS plays an important role, ev-
idence for which is provided in our analysis of the quan-
tum Hall effect, shown in Fig. 5. However, the predicted
magnitude of the linear magnetoresistance within such
a mechanism is much smaller than what we observe in
Pt1−xAuxLuSb thin films. It is possible that the exper-
imentally observed strong coupling of the surface states
with the quasi-localised bulk carriers enhances the LMR
beyond what is predicted within the proposed mecha-
nism [10]. In Pt1−xAuxLuSb samples with higher Au
concentration, bulk carriers exhibit stronger tendency to
localize due to an increase in the impurity concentra-
tion, evident from a reduction in the bulk carrier mobility
(Fig. 1(c)). This results in a weaker surface-bulk coupling
resulting in the emergence of well-separated Landau lev-
els of the TSS, which manifests as well defined quantum
Hall plateaus. At sufficiently high fields, localization of
the bulk carriers is enhanced and surface-bulk coupling
is reduced even in the Pt1−xAuxLuSb samples with low
Au concentration, where a quantum Hall phase can be
seen to emerge from a linear magnetoresistance behavior
(Fig. 3(a),(b)) at high magnetic field. Enhanced coupling
between the surface and the bulk carriers in films with
low Au concentration brings TSS closer to a strongly
interacting regime, evident from a reduced WAL effect
(Fig. 4(d)), as discussed earlier.

IV. CONCLUSION

In summary, our work has revealed the macroscopic
physical observables of the TSS in a semi-metallic half-
Heusler compound Pt1−xAuxLuSb in bulk measure-
ments, thus establishing its topological nature and the
potential of harnessing its topological properties in func-
tional devices. We observe distinct plateaus in magne-
toresistance in Pt1−xAuxLuSb thin films, which we show
arise from a TSS quantum Hall phase. This establishes
compensation alloying in epitaxial thin films as an ef-
fective strategy to both reveal and control exotic prop-
erties in topological systems with a semi-metallic bulk
band structure. Although, in the past, several different
mechanisms have been suggested for the origin of linear
magnetoresistance behavior in semimetals, our work ex-
perimentally establishes the role of TSS and its interac-
tion with the quasi-localised bulk carriers in the observed
linear magnetoresistance behavior by establishing it as a
precursor phase to the quantum Hall phase emerging out
of the TSS. This has been made possible by our abil-
ity to continuously tune the surface-bulk coupling within
the same material system, which is shown as an impor-
tant parameter controlling magnetotransport properties
in compounds with both surface and bulk carriers.

METHODS

Thin Film Growth

Epitaxial thin films of 15 nm thick Pt1−xAuxLuSb
were synthesized on a 270 nm thick InSb buffer layer
grown on GaAs substrates by molecular-beam epitaxy
(MBE). InSb atomic layers were nucleated at 360◦C and
grown at 410◦C following thermal desorption of the na-
tive oxide on GaAs substrates. During the growth pro-
cess, InSb (6.479 Å) atomic layers were almost immedi-
ately relaxed due to a large lattice mismatch with GaAs
(5.653 Å). InSb buffer layers, which are grown in a mod-
ified VG-80 MBE system were taken out of the cham-
ber post-growth and loaded into a modified Veeco Gen-
II MBE system, where the surface oxide was removed
by atomic hydrogen before the growth of Pt1−xAuxLuSb
atomic layers. Pt1−xAuxLuSb, which has a lattice con-
stant similar to that of InSb, grows as a pseudomor-
phic epitaxial layer with respect to the underlying InSb
buffer layer. Pt1−xAuxLuSb thin films of different gold
concentrations were all grown on the same InSb buffer
layer, which was cleaved outside the vacuum chamber
into smaller pieces for individual Pt1−xAuxLuSb growths
with different Au concentrations. PtLuSb thin films
were grown at substrate temperatures between 370◦C
and 400◦C. Substrate temperatures were progressively
lowered for thin-film growths with higher gold concen-
trations with the Pt1/2Au1/2LuSb thin films grown at
the substrate temperatures between 310◦C and 340◦C.
Following a procedure similar to [25], for Pt1−xAuxLuSb
growths Lu, Au, and Sb were evaporated from effusion
cells, while Pt was evaporated using an e-beam evapora-
tor. Atomic fluxes of Lu, Au, Sb, and Pt were calibrated
by Rutherford back-scattering spectrometry (RBS) mea-
surements of the elemental areal atomic density of cal-
ibration samples grown on Si substrates. These mea-
surements were then used to calibrate in-situ beam flux
measurements using an ion gauge for Lu, Au, Sb, and a
quartz crystal microbalance (QCM) for Pt.

ARPES

ARPES measurements were performed at the Ad-
vanced Light Source at the end station 10.0.1.2. Samples
were transferred from the growth chamber at UCSB to
an analysis chamber equipped with a Scienta R4000 spec-
trometer at ALS in a custom-built UHV suitcase allowing
us to maintain the pristine sample surface throughout the
entire sample transfer process. Samples were cooled to a
temperature of 70 K with liquid nitrogen. Tunable syn-
chrotron light with photon energies in the range of 20 -
80 eV was used for the measurements.
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Transport Measurements

Transport measurements were performed on fabricated
Hall bar devices using a low frequency ac lock-in tech-
nique. Measurements were performed in-house using a
Quantum Design PPMS equipped with a 14 Tesla mag-
net and at the National High Magnetic Field Lab at Tal-
lahassee, Florida using a 35 Tesla and a hybrid 45 Tesla
magnets. Hall bars of dimension 400 µm × 100 µm were
fabricated using optical lithography followed by an ion
milling procedure using argon ions. Contacts were made
using 50 µm gold wires bonded onto lithographically pat-
terned gold contacts. A low current of 1 µA was sourced
for all measurements to avoid Joule heating with the cur-
rent flowing along the [110] crystallographic axis, unless
mentioned otherwise.

DFT Calculations

The calculations were performed based on the DFT
approach, as implemented in the VASP code [55]. The
exchange-correlation term was described using the gen-
eralized gradient approximation (GGA) functional pro-
posed by Perdew, Burke, and Ernzerhof [56]. The Kohn-
Sham orbitals are expanded in a plane wave basis set
with an energy cutoff of 400 eV. The Brillouin zone is
sampled according to the Monkhorst-Pack method [57],
using a gamma-centered 7 × 7 × 5 (7 × 7 × 1) mesh for
the tetragonal bulk (slab) calculations. The electron-ion
interactions are taken into account using the projector
augmented wave method [58]. All geometries have been
relaxed until atomic forces were lower than 0.01 eV/Å.
For the slab calculations, to avoid significant interaction
between periodic images, a vacuum region of 15 Å was
used.
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