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Magnetotransport in a two-dimensional hybrid band system: Dirac and heavy-hole interplay
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We investigate magnetoresistivity and the Hall effect in a 6.3-nm gapless HgTe quantum well—a two-
dimensional hybrid band system featuring coexisting linear (Dirac-like) and parabolic hole energy bands at low
energies. Using a classical two-subband model that includes intervalley scattering, we reveal a striking tenfold
enhancement of the Hall resistance, mainly driven by the dominant transport contribution of Dirac holes. A
comprehensive magnetotransport analysis allows us to extract key parameters, such as the mobilities of both
carrier types, providing insight into their complex interplay. These results establish the HgTe quantum well
as a distinctive platform for investigating novel transport phenomena in hybrid band systems, enhancing our
understanding of mixed-carrier magnetotransport.
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I. INTRODUCTION

The recent discovery of the large magnetoresistance (MR)
exceeding 100% in conductors and semimetals under only a
few tesla has garnered considerable attention [1]. This finding
necessitates a reevaluation of the semiclassical theory, par-
ticularly in the context of the Boltzmann transport equation.
The conventional Drude magnetoresistivity in metals is ex-
actly zero due to the compensation of the Lorentz force by
the electric field resulting from the Hall effect. The scenario
undergoes a significant transformation when dealing with a
system featuring the occupation of two or more subbands. In
such cases, the anticipated magnetoresistance assumes a clas-
sical parabolic form, contingent upon the unique properties
inherent to the system. In simpler situations, the magnetore-
sistance is governed by differences in subband mobilities
within independent channels, as outlined in Ref. [2]. In more
practical situations, the inclusion of intersubband scattering
becomes crucial, leading to a more intricate manifestation
of magnetoresistance, as explained in detail in the model in
Ref. [3]. The experiments conducted in a GaAs double quan-
tum well, representing a standard two-subband system, exhibit
remarkable agreement with classical and quantum theory in
describing low-field magnetoresistance [4–6].

The magnetoresistance of a two-component system ex-
hibits significant enhancement when the presence of both
electrons and holes coexists, as opposed to a system character-
ized solely by size-quantized subbands. This phenomenon has
been extensively investigated in two-dimensional semimetals,
particularly in HgTe-based quantum wells [7]. In such sys-
tems, the distinct mobility of electrons and holes results in
a remarkable giant magnetoresistance even in relatively low
magnetic fields. A notable illustration of this compensated
magnetoresistance is evident in the observation of nonsat-
urating magnetoresistance in three-dimensional semimetals
such as WTe2 [8], Dirac semimetal Cd3As2 [9], and Weyl
semimetal NbP [10].

The creation of thin films of WTe2 with adjustable con-
centrations [11] has provided valuable insights. It has been
demonstrated that the underlying mechanism driving this
phenomenon is the compensation of electron-hole charges.
At the charge neutrality point, when the electron and hole
densities are equal, this compensation leads to nonsatu-
rating magnetoresistance due to the absence of a Hall
effect [2].

A more profound understanding of the mechanism behind
the substantial compensating magnetoresistance in two-
dimensional (2D) semimetals has been achieved through
rigorous theoretical analysis [12]. The findings of Alekseev
et al. [12] highlight that, particularly in narrow channels,
electron-hole recombination at the boundary significantly
contributes to the observed large magnetoresistance. Further-
more, under the influence of a sufficiently strong magnetic
field, the boundary region can surpass the bulk contribution
and result in linear magnetoresistance. Intriguingly, this ef-
fect is not confined to semimetals alone but extends to 2D
topological insulators as well [13]. It is worth noting, how-
ever, that in macroscopic samples, where a substantial number
of electron-hole recombinations is anticipated in the bound-
ary region, it is unlikely to exert a significant influence on
magnetoresistivity. In such instances, the anticipated behav-
ior of magnetoresistivity is expected to follow a parabolic
trend.

Large and giant magnetoresistance can arise from sample
inhomogeneity, which frequently occurs due to impurities
within the material. Graphene provides a more recent example
where this type of magnetoresistance has been studied [14].
Notably, significant magnetoresistance has been observed
near the charge neutrality point, where spatial inhomogeneity
is caused by the two-dimensional space being divided into
regions of electron and hole puddles [14–16].

The Hall resistance in a two-subband system shows strong
modifications with magnetic field. At low fields, the response
is dominated by high-mobility carriers, while at high fields
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FIG. 1. (a) Schematic of the transistor. (b) A top view of the sample. (c) Schematic representation of the energy spectrum of a 6.3-nm
mercury telluride quantum well. (d) The resistivity of a HgTe quantum well as a function of the gate voltage for different temperatures
(sample A).

the Hall resistance converges to the classical value deter-
mined by the total carrier density [2,3,7]. This crossover
behavior reflects the competing contributions from different
subbands.

Previous studies have primarily focused on two-component
systems with parabolic dispersion. In contrast, investigating
a hybrid system combining carriers with both parabolic and
linear (Dirac-like) spectra offers significant interest. Such a
system is expected to exhibit distinct transport properties,
potentially enhancing Hall and magnetoresistance effects. De-
tailed magnetotransport analysis enables the extraction of
characteristic transport parameters for both carrier types and
reveals their interplay, providing insights into novel transport
phenomena.

In this study, we explore the magnetoresistance and Hall
effect in a 6.3-nm gapless HgTe-based quantum well, char-
acterized by a unique coexistence of linear (Dirac-like) and
parabolic energy bands at low energies. This hybrid band
system exhibits significant positive magnetoresistance and
a ten times enhanced Hall effect, driven by distinct trans-
port properties, including differing mobilities and effective
masses. Using a classical low-field magnetoresistance model
that accounts for intervalley scattering, we extract key trans-
port parameters, revealing the interplay between carriers with
contrasting spectral characteristics.

II. ELECTRON SPECTRUM IN A GAPLESS HgTe-BASED
QUANTUM WELL

HgTe-based quantum wells have attracted considerable
attention owing to their ability to generate unconventional
2D systems, such as 2D topological insulators and semimet-
als [17–20]. The behavior of the spectrum is predominantly
dictated by the thickness of the well, resulting in diverse
phases characterized by insulating gaps, gapless regions, and
inverted subbands [21–24]. Quantum wells with a thickness of
dc = 6.3−6.4 nm are anticipated to exhibit gapless semicon-

ductor properties with a single-valley Dirac cone near zero
energy.

To explore the transport characteristics of charge carriers
in a gapless HgTe quantum well, we first present the energy
spectrum across a broad energy range for both the conduction
and valence bands in Fig. 1(c). This HgTe well accommodates
Dirac fermions with a linear electron and hole spectrum, de-
noted as εe = ±v|p|, where the Fermi velocity is v = 7 × 107

cm/s = c/430 (c represents the speed of light), and p is the
momentum. Additionally, a lateral maximum of the valence
band is observed below the charge neutrality point: p0 =
mhvF = √

2mh(μ − �), where vF is the Fermi velocity of the
heavy holes, mh ≈ 0.15m0 is the effective mass of the holes, μ
is the electrochemical potential, and � ≈ 15 meV is the indi-
rect gap for the heavy holes [see Fig. 1(b)]. Realistic samples
exhibit in-plane fluctuations of the quantum well width about
its average value d ≈ dc, stemming from the unavoidable
variations during the quantum well growth. These fluctuations
lead to in-plane variations of the band gap [25], subsequently
causing variations in the charge neutrality point (CNP) and
a minimum of the heavy energy holes’ positions. According
to a topological network model described in Ref. [25], the
estimated density of states (DOS) broadening is on the order
of ∼1−4 meV.

Figure 1(d) depicts the typical resistance as a function of
the gate voltage (sample A). A resistance peak is evident, with
the maximum corresponding to the case where the chemical
potential crosses the charge neutrality point at zero energy.
Below the CNP, the chemical potential μ extends into the
side-located heavy-hole bands. The chemical potential pin-
ning in the tail of the heavy-hole density of states results in
a pronounced asymmetry in the ρ(Vg) dependence, in contrast
to graphene. This pinning may also contribute to the broaden-
ing of the density of states due to disorder. For a significant
broadening of ∼6 meV, the Fermi level does not intersect the
heavy-hole energy minimum because it becomes pinned in the
disorder-induced heavy-hole DOS tail.
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III. SAMPLE DESCRIPTION AND METHODS

We conducted resistance measurements on quantum
wells composed of Cd0.65Hg0.35Te/HgTe/Cd0.65Hg0.35Te
with (013) surface orientations and a well width ranging from
6.3 to 6.4 nm. The samples were epitaxially grown using
molecular beam epitaxy at temperatures approximately be-
tween 160◦ and 200◦ on GaAs substrates with (013) surface
orientation [Fig. 1(a)] [26]. The utilization of substrates in-
clined towards the 100 orientation was aimed at enhancing
material quality. Details of the layer sequence scheme and
sample preparation have been previously published [27]. Two
samples (A and B) from different substrates were studied.

Experimental devices took the form of Hall bars, featuring
eight voltage probes distributed across three separate seg-
ments with a width W of 50 µm and lengths L of 100, 250,
and 100 µm between the probes. A dielectric layer (200 nm
of SiO2) was deposited on the sample surface, followed by
a TiAu gate electrode. Ohmic contacts to the quantum well
were established by annealing indium on the device contact
pads [Fig. 1(b)]. The sheet density variation with gate voltage
was 0.95 × 1011 cm−2 V−1. Due to dielectric breakdown, the
limiting gate voltage was ± 8 V. Resistance measurements
R(T ) were carried out in the temperature range of 4.2 to 50 K
using a conventional four-probe setup with a 1–27 Hz AC
current of 1–10 nA passing through the sample. The current
I flows between contacts 1 and 6, and the voltage V was
measured between probes 4 and 5, R = Rxx = R4,5

1,6 = V4,5/I1,6

[Fig. 1(b)]. The Hall effect was measured in configuration
Rxy = R4,8

1,6 = V4,8/I1,6. Resistivities were defined as ρxx =
W
L Rxx and ρxy = Rxy.

IV. EXPERIMENTAL RESULTS

Figure 1(d) illustrates the gate-voltage dependence of the
resistance in a typical gapless HgTe well device (sample A).
Over the complete gate-voltage range, the chemical poten-
tial spans a wider interval, from approximately +150 meV
in the electron Dirac region down to μ ≈ 0 at CNP, to μ ≈
−15 meV at the top of the hybrid hole spectrum, and further
to −17 meV in the heavy-hole states [Fig. 1(d)].

Here, we focus on the gate regime characterized by domi-
nant hole-hole scattering. In this region, the gate voltage varies
within the interval −5.5 < Vg − VCNP < −0.2; however, the
chemical potential μ only varies within a narrow energy inter-
val of −17 meV < μ < −15 meV. This limited variation is
a result of the high density of the heavy-hole states, which is
more than an order of magnitude larger than that of the Dirac
holes [17,28–31].

Consequently, our system exhibits the coexistence of
degenerate Dirac holes and nondegenerate heavy holes at
elevated temperatures, where μ − � < kT < μ, defining a
partially degenerate regime [32]. In this regime, we observe
that the resistivity follows a temperature-dependent relation-
ship described by a power law of ∼T α (α ≈ 3), attributed to
scattering of the heavy holes following Boltzmann statistics
by the remaining degenerate Dirac holes. Deviations from the
T 3 law have been observed at low temperatures, attributed to
the heavy holes becoming degenerate at lower temperatures,
which causes the resistance to follow a T 2 dependence [32].

FIG. 2. Gate voltage dependence of magnetoresistivity (a) and
Hall effect (b) at T = 9 K in the hole transport regime (sample A).
The gate voltage was varied in 0.1-V steps. The dashed line repre-
sents the Hall resistance calculated using the single-carrier model.
Panels (c) and (d) show the calculated B dependence of the magne-
toresistivity and Hall effect at different gate voltages, respectively,
based on Eqs. (1)–(4). The fitting parameters used in the calculations
are presented in Fig. 4.

In Ref. [32], we present evidence that, at elevated tem-
peratures, the resistivity driven by interaction surpasses the
resistivity induced by impurity scattering by a factor of 5–
6. Given this observation, it is reasonable to anticipate that
the magnetoresistance at low temperatures arises from the
interplay between the Dirac and heavy-hole subbands and
interband and intraband scattering mechanisms. Thus, the
previously observed temperature dependence of resistivity
provides strong support for the hybrid band structure of our
system.

Figure 2 illustrates the evolution of resistivity (a) and the
Hall effect (b) with the magnetic field and the gate voltage
at a fixed temperature of T = 9 K. Notably, a robust positive
magnetoresistance exceeding 100% is evident on the hole
side of the gate-voltage dependence, particularly towards to
the CNP. Surprisingly, the measured Hall resistivity signif-
icantly exceeds conventional single-carrier predictions. The

125304-3



G. M. GUSEV et al. PHYSICAL REVIEW B 112, 125304 (2025)

FIG. 3. Hall resistivity ρxy as a function of gate voltage and
magnetic field at T = 4.2 K. (b) Hall resistivity for electron and
hole densities N ≈ P ≈ 5.7 × 1011 cm−2 (sample A). Dashed lines
show the low-field (B ≈ 0) and high-field (B → ∞) approximations
for the Hall resistivity. The ratio ρxy(B ≈ 0)/ρxy(B → ∞) ≈ 10 is
observed for holes.

experimental Hall coefficient RH = ρxy/B is nearly an order
of magnitude larger than the classical value 1/Pe, where P
is the total hole density, indicating substantial deviation from
standard transport behavior [Fig. 2(b)].

To investigate this anomalous behavior systematically,
we performed detailed Hall resistivity measurements span-
ning a wide range of magnetic fields (up to 5 T) and gate
voltages (−5 to +5 V), encompassing both electron- and
hole-dominated transport regimes. Figure 3 displays these
results as a 3D surface plot, revealing the full evolution of the
Hall response across the parameter space. The most striking
feature is the nearly symmetric high-field behavior, where
the Hall resistivity develops a well-defined plateau at Rxy =
ρxy = 25.8 k�—matching the quantum resistance h/e2 within
experimental uncertainty (±0.5%)—indicating the formation
of a robust quantum Hall state. We find excellent agreement
between the carrier density measured via the high magnetic
field Hall effect and the density calculated from the applied
gate voltage. Figure 3(b) displays two representative traces of

ρxy(B) measured at matched electron and hole densities (N ≈
P ≈ 5.7 × 1011 cm−2). While the electron ρxy(B) follows the
expected linear dependence with a Hall coefficient matching
the gate-voltage-derived density, the hole transport reveals
anomalous behavior: an unusually steep low-field slope transi-
tions abruptly to a conventional slope at higher fields. Notably,
the high-field hole Hall coefficient matches the magnitude (but
opposite sign) of the electron value.

For reference, thin lines indicate the low-field (B ≈
0) and high-field (B → ∞) approximations, with their
ratio ρxy(0)/ρxy(∞) ≈ 10 highlighting the dramatic field-
dependent response. This significant deviation from single-
carrier transport physics strongly suggests the need for a
two-subband model to properly capture the system’s behavior.

Figure 4 presents the resistivity measurements for sample
B, providing insights into its magnetotransport properties.
Figure 4(a) depicts the gate-voltage dependence of the lon-
gitudinal resistivity (ρxx) at zero magnetic field (B = 0) and at
a magnetic field of B = 0.2 T. Figure 4(b) illustrates the Hall
resistivity (ρxy) and the magnetoresistance [�ρxx = ρxx(B) −
ρxx(0)] at B = 0.2 T. A pronounced positive magnetoresis-
tance (�ρxx > 0) is observed in the gate-voltage range where
hole transport dominates, while in the electron-dominated
transport regime, the magnetoresistance is minimal or negli-
gible, consistent with observations for sample A. Figure 4(c)
shows the magnetic field dependence of the magnetoresis-
tance and the Hall effect at a fixed hole density, revealing
trends closely aligned with those observed for sample A, con-
firming the robustness of these transport characteristics across
samples.

V. THEORY AND DISCUSSIONS

Current theoretical models of magnetoresistance and Hall
effects in two-subband systems employ the Boltzmann equa-
tion, accounting for intersubband scattering [3,5]. At low
temperatures, elastic scattering from remote ionized impuri-
ties dominates, inducing both intrasubband (within a single

FIG. 4. (a) Longitudinal resistivity ρxx as a function of gate voltage at B = 0 T and B = 0.2 T for T = 4.2 K (sample B). The magnetore-
sistivity �ρxx and Hall resistivity ρxy are also shown as functions of gate voltage at B = 0.2 T. (c) Magnetoresistivity and Hall resistivity for
Dirac and heavy-hole densities of Ph ≈ 3.5 × 1011 cm−2 and Pd ≈ 0.2 × 1011 cm−2 (sample B). Dashed lines represent the theoretical fits
using Eqs. (1)–(4) with fitting parameters: μh = 1 m2/(V s), μd = 18.8 m2/(V s), and r = 0.2.
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subband) and intersubband (between subbands) transitions.
The relative rates of these processes are critical. In double
quantum well systems, intersubband scattering peaks at res-
onance, where carriers occupy both wells equally. This occurs
when tunneling time is shorter than scattering time, with the
total impurity-scattering rate determined by the low-mobility
well, leading to an observed resistivity peak [4,5,33,34]. In our
hybrid band system, we analyze intervalley scattering, distin-
guishing “Dirac–heavy-hole intervalley scattering” (between
Dirac and heavy-hole carriers) from “heavy-hole intervalley
scattering” (between heavy-hole valleys with nonzero k). We
characterize the resistivities using distinct notations for each
carrier type: massless Dirac holes (denoted by subscript p)
obey the linear dispersion εp = vp, while massive holes (de-
noted by k) follow the parabolic dispersion εk = k2/2mh + �,
with all energies referenced from the Dirac point. The corre-
sponding cyclotron frequencies are ωp = eBv2/μ for Dirac
holes and ωk = eB/mh for massive holes, reflecting their
fundamentally different responses to magnetic fields. The to-
tal zero-field conductivity σxx(B = 0) of the hybrid system
combines contributions from both carrier types, expressed
as σxx(0) = σh + σd . Here, σh = (e2Ph/mh)τk represents the
conductivity of massive holes with effective mass mh and
scattering time τk , while σd = (e2Pdτpv)/p0 describes Dirac
holes with Fermi velocity v and scattering time τp. The char-
acteristic momentum scale p0 is determined by the Dirac-hole
density Pd through p2

0 = 4π h̄2Pd/gd , where gd = 2 accounts
for the spin degeneracy. To establish a consistent description
of transport properties, we introduce effective mobilities and
masses for both carrier types. For heavy holes, we define the
mobility μh = eτk/mh, yielding the conductivity σh = Pheμh,
where Ph is the heavy-hole density. The Dirac holes are char-
acterized by mobility μd = eτpv/p0, giving the conductivity
σd = Pd eμd , with Pd as the Dirac carrier density. This unified
notation reveals the analogous roles of μh and μd as the funda-
mental mobility parameters for their respective carriers. The
magnetotransport properties of a hybrid system containing
both heavy holes and Dirac holes can be expressed through the
following relations. The longitudinal resistivity ρxx(B) and the
Hall resistivity ρxy(B), incorporating intersubband scattering
effects, take the following forms:

ρxx(B) = 1

e(Phμh + Pdμd )[
1 + rPhPdμhμd (μh − μd )2B2

(Phμh + Pdμd )2 + r2P2μ2
hμ

2
d B2

]
, (1)

ρxy(B) = −〈μ2〉 + (rμhμd B)2

〈μ〉2 + (rμhμd B)2

B

Pe
, (2)

where we have introduced the mobility averages

〈μ〉 ≡ Pdμd + Phμh

Pd + Ph
, (3)

〈μ2〉 ≡ Pdμ
2
d + Phμ

2
h

Pd + Ph
. (4)

The dimensionless parameter r quantifies the strength
of intervalley scattering. In the limiting case where r = 1,
the system reduces to the conventional two-band model of

FIG. 5. (a) Dirac- and heavy-hole carrier densities as a function
of gate voltage. (b) Dirac- and heavy-hole mobilities as a function of
gate voltage. Solid lines represent the theoretical fits obtained from
Eqs. (10)–(16).

independent carriers. This behavior has been experimentally
observed in GaAs-based double quantum wells, where r ≈ 1
under off-resonance conditions as the wells become effec-
tively decoupled, and r << 1 under on-resonance conditions
[4,5]. For our system, we anticipate r � 1 due to the signifi-
cant disparity between the density of states of Dirac holes and
heavy holes.

The magnetoresistivity exhibits a characteristic field de-
pendence, showing parabolic behavior at low magnetic fields:

�ρxx(B)

ρ(0)
= aB2

1 + bB2
, (5)

where the coefficient a = r(μh − μd )2σhσd/σ
2
0 depends on

the mobility contrast between heavy (μh) and Dirac (μd )
holes, and b = r2P2μ2

hμ
2
d/(Phμh + Pdμd )2 reflects the inter-

subband scattering strength.
The Hall resistivity shows distinct limiting behaviors: the

zero-field Hall coefficient RH (0) = −〈μ2〉/(〈μ〉2Pe) crosses
over to the high-field limit RH (∞) = −1/(Pe), where P is the
total carrier density and 〈μ〉 represents the mobility average.
Indeed RH (0) � RH (∞) is expected, when 〈μ2〉 � 〈μ〉2.

Next, we fit Eqs. (1) and (4) to describe the zero-field re-
sistivity, the magnetoresistivity, and the Hall effect. The fitting
procedure involves three parameters: μd , μh, and r. The hole
densities are calculated from the total carrier density, which
is determined based on the gate-voltage dependence and the
density of states in the valence band, as described in Ref. [32],
and shown in Fig. 5(a). The results of the fittings are presented
in Figs. 2(c) and 2(d). We observe excellent agreement with
the theoretical model proposed in Ref. [3] over a broad range
of magnetic fields and carrier densities. The comparison with
the theoretical model is also shown in Fig. 4(c) for sample B,
demonstrating the reproducibility across different samples.

Figure 5(b) shows the gate-voltage dependence of the
fitting parameters for sample A. A striking contrast in the
mobilities of the two carrier types is evident, indicating a dom-
inant contribution from Dirac holes to the transport properties,
including the enhanced Hall resistivity. Figure 6(a) shows the
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FIG. 6. (a) The parameter r characterizes interband scatter-
ing. The solid line represents the theoretical fits obtained using
Eqs. (10)–(16). (b) Transport parameters were obtained by fitting
the transport scattering time and the intervalley scattering parameters
using Eqs. (10)–(16). Several constraints were applied, as explained
in the text.

gate-voltage dependence of parameter r, which characterizes
interband scattering. The notable feature is the small value of
the parameter r ≈ 0.10−0.15, suggesting a significant role
of intervalley scattering. This behavior is attributed to the
large difference in the density of states between the linear and
parabolic branches of the energy spectrum.

VI. INTERVALLEY AND INTRAVALLEY SCATTERING
ESTIMATIONS

To analyze the small value of the parameter r obtained
from magnetotransport experiments, we estimate the relevant
scattering times. For simplicity, we consider a short-range
potential to describe defects like vacancies and adatoms.
This potential can be modeled as a delta function: V (r) =
V0

∑
i δ(r − Ri ). The intervalley scattering rate �inter = τ−1

inter
is given by

1

τinter(ε)
= 2π

h̄

∑
k′

|〈k′|V |k〉|2δ(εk′ − εk ), (6)

where V is scattering potential due to impurities or defects,
k is the initial state (valley L), and k′ is the final state
(valley L′). The matrix element is given by |〈k′|V |k〉|2 =
nimp|V0|2|FL,L′ |2, where nimp is the defect or impurity density,
and FL,L′ is the overlap integral between valley L and valley
L′. For parabolic heavy-hole bands the intervalley scatter-

ing rate is τ−1
inter = nimpmh|V0|2

4π h̄3 |FL,L′ |2, where the overlap factor
|FL,L′ |2 ∼ 0.1–1, depending on orbital symmetry. Typically
for parabolic systems, τinter

τintra
= 1

|FL,L′ |2 . Based on this, we ac-
count for the intervalley scattering rates between Dirac and
heavy holes. The scattering process from the Dirac hole
band to the heavy-hole valley (d → hh) is dominated by

short-range defects (e.g., vacancies, impurities), as it requires
a large momentum transfer.

Conversely, the reverse channel, corresponding to the scat-
tering of heavy holes into Dirac states (hh → d), is less
probable. This suppression is due to phase-space constraints,
specifically the limited availability of final Dirac states at low
energy.

The intervalley scattering rate from Dirac to heavy holes,
�d,hh, can be estimated as

�d,hh ≈ 2π

h̄
nimp|V0|2|Fd,hh|2

(
mhh

π h̄2

)
, (7)

where nimp is the impurity concentration, V0 is the scattering
potential strength, Fd,hh is the wave-function overlap integral,
and mhh is the heavy-hole effective mass.

For the reverse process, the scattering rate is proportional
to the energy-dependent DOS for Dirac holes:

�hh,d (ε) ∝ Nd (ε) = ε

π h̄2v2
. (8)

This leads to a notable asymmetry in the scattering. The rate
for d → hh processes is expected to increase with the Dirac-
hole Fermi energy εF,d due to the greater number of available
initial states. In contrast, hh → d processes are suppressed at
low εF,d because there are few final Dirac states to scatter into.

The scattering matrix K describes transitions between
Dirac and heavy-hole states:

Ki j =
∑

k∈{d,hh}
�0

ikδi j − �1
i j . (9)

Scattering matrix elements from the matrix are

K =
(

�0
dd + �0

d,hh − �1
dd −�1

d,hh

−�1
hh,d �0

hh,hh + �0
hh,d − �1

hh,hh

)
, (10)

where �0
i j is the total scattering rate from band i to j, such

as �1
i j—momentum-weighted scattering rate (accounts for

backscattering).
The relaxation rates can be found from the following sys-

tem of equations [3]:

τ t
d =

Khh,hh − Kd,hh
( εF,hh

εF,d

)1/2

Kdd Khh,hh − Kd,hhKhh,d
, (11)

τ t
hh =

Kdd − Khh,d
( εF,d

εF,hh

)1/2

Kdd Khh,hh − Kd,hhKhh,d
, (12)

with corresponding Fermi energies for Dirac and heavy holes
εF,d and εF,hh.

The eigenvalues τ̄−1
1 = λ1 and τ̄−1

2 = λ2 of the scattering
matrix K are given by

τ̄−1
1,2 = 1

2 (Kdd + Khh,hh) ± 1
2

√
(Kdd − Khh,hh)2 + 4Kd,hhKhh,d .

(13)
Based on these equations, we can write the intervalley

scattering parameter as

r = τ̄1τ̄2

τ t
dτ

t
hh

. (14)

With a set of simplifying assumptions for the interval-
ley relaxation rates, we calculate the parameters required to
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evaluate the intervalley mixing strength r. Considering Dirac
and massive holes, we obtain a system of linear equa-
tions where the mobilities μd and μh are the unknowns [3]:

μd = e[khKd,hh − kd (λ2 − Kdd )]2

2πPd mdλ1[(Kdd − Khh,hh)2 + 4Kd,hhKhh,d ]
, (15)

μh = e[kd (λ1 − Kdd ) − khKd,hh]2

2πPhmhλ2[(Kdd − Khh,hh)2 + 4Kdd Khh,hh]
, (16)

where the Dirac and heavy-hole momenta are given by

kd =
√

2πPd , kh = √
πPh,

and the effective mass of Dirac carriers is given by

md = εF,d

v2
.

These are the effective mobilities of each carrier type,
renormalized by the intraband scattering (Kdd , Khh) and the
interband scattering (Kd,hh, Khh,d ). As an additional con-
straint, we impose strong backscattering for the intervalley
parameters, assuming

Khh,d

Kd,hh
= �hh,d

�d,hh
= εF,d

mhv2
≈ 0.04.

These three parameters Kdd , Khh, and Kd,hh allow us to
fit three dependencies: the density dependence of the mixing
strength r [Fig. 6(a)] and of μd and μh [Fig. 5(b)]. Figure 6(a)
presents the gate-voltage dependence of the fitting parameter
r, while Fig. 6(b) shows the corresponding behavior of the
transport scattering parameters. The fitting curves, r(Vg), μd ,
and μh, exhibit good agreement with the experimental data.

Considering the simplified nature of our model, we con-
clude that this level of agreement is satisfactory. A more
sophisticated theoretical framework, incorporating all micro-
scopic scattering mechanisms and a detailed transport theory,
would be required for a fully quantitative description, but such
an analysis lies beyond the scope of the present experimental
study.

We believe, however, that our results provide a useful foun-
dation and may stimulate further theoretical developments in
the study of transport phenomena in hybrid band systems.

VII. CONCLUSION

The study on the 6.3-nm gapless HgTe quantum well
(QW) concludes that this two-dimensional hybrid band sys-
tem, featuring coexisting linear (Dirac-like) and parabolic
hole energy bands, exhibits a remarkable tenfold enhancement
of the Hall resistance and large positive magnetoresistance,
primarily driven by the dominant transport contribution of
high-mobility Dirac holes. Using a classical two-subband
model that incorporates intervalley scattering, the magnetore-
sistivity and the Hall effect are accurately described across a
broad range of magnetic fields and carrier densities. The HgTe
QW study establishes a robust framework for understand-
ing mixed carrier magnetotransport in hybrid band systems,
with the two-subband model providing a simple yet powerful
tool to capture complex dynamics. Extending this framework
to other hydbrid band systems, such as three-dimensional
topological insulators and Weyl semimetals, promises to
reveal how linear and parabolic dispersions, intersubband
scattering, and topological effects shape transport in diverse
systems. By adapting the many-subband model and address-
ing system-specific challenges, these studies could uncover
novel transport phenomena, enhance our understanding of
hybrid band systems and pave the way for advanced quantum
devices.
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