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Direct link between disorder and magnetoresistance in topological semimetals
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The extent to which disorder influences the properties of topological semimetals is relevant to the under-
standing of topological states and their use in practical applications. Using molecular beam epitaxy, we achieve
systematic control of point defect concentrations in the prototypical Dirac semimetal Cd3As2 to gain insight
into the role of disorder on electron transport behavior. Using the guiding center diffusion model for linear
magnetoresistance, we extract point defect densities as a function of deposition conditions. We find that reducing
cadmium defect concentrations by an order of magnitude results in an 2× increase in the magnetoresistance
from 450% to 900%. This finding yields important information in the quest to identify the origin of linear
magnetoresistance in a wider range of materials.

DOI: 10.1103/PhysRevB.107.L220206

Three-dimensional (3D) topological semimetals (TSMs)
exhibit linear and gapless bulk band dispersions and topo-
logically protected surface states arising from band inver-
sion [1]. Topological protection against carrier backscatter-
ing is thought to support high electron mobilities up to
107 cm2/(V s) in the Dirac semimetal Cd3As2 and 105–
106 cm2/(V s) in the Weyl semimetal family (Ta,Nb)(As,P)
[2,3]. TSMs typically feature Fermi levels near the band
touching nodes (∼100 meV) coupled with large Fermi veloc-
ities, which only occur in systems with nonparabolic bands.
Together, these aspects lead to extremely large, nonsaturating
linear magnetoresistance (LMR). Several studies argue that
disorder is the basis for nonsaturating LMR [4,5] but do not
provide a clear picture of the exact mechanisms that influence
it or how to tune it. To address this gap, we systematically
vary the point defect populations in the prototypical Dirac
semimetal Cd3As2 to directly obtain information about how
disorder influences LMR in TSMs.

The role of disorder in transport behavior is important to
understand, as thin-film TSMs are starting to be incorporated
into devices. Crystals naturally contain point and extended de-
fects, which are theoretically predicted to introduce potential
variations and limit the carrier mean free path [6–9]. However,
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the quantitative extent to which a specific instance of disorder
influences LMR has not been experimentally tested. For ex-
ample, arsenic vacancies were speculated to influence LMR
in Cd3As2 based on measurements in a single sample [10],
but without a systematic variation, these defects could not be
verified as the origin of the LMR, and the magnitude of their
effect on LMR could not be derived.

Advances in theoretical models describing the origin of
LMR may help to improve our understanding of the disorder-
electron transport relationships if we can combine them
with a controlled variation of specific instances of disor-
der. Recently, the guiding center diffusion model (GCDM)
has been proposed [11], where the trajectories of charge
carriers are altered by a potential landscape induced by small-
scale levels of disorder. The GCDM explains the ubiquitous
LMR in TSMs without invoking strong inhomogeneity, as
required by the resistor model network [4,5], or without
the need for quantum limit transport enabling quantum lin-
ear MR [12]. Another advantage is its ability to provide
quantitative information about disorder based on simple mag-
netotransport measurements. This model has principally only
been applied to single bulk crystals with limited control of
disorder, restricting the insights that can be derived. Pair-
ing it with the powerful ability to tune defect populations
through thin-film synthesis promises to provide more defini-
tive information about which defects play the biggest role
in influencing LMR. Experimental verification of the GCDM
in a system with controllable disorder is also necessary for
understanding its broader applicability in describing LMR
in TSMs.

In this Letter, we link LMR to disorder introduced by
charged point defects. Through the use of molecular beam
epitaxy (MBE) with separate Cd and As sources, we modify
the chemical potential during growth and methodically tune
the native defect populations to a degree not available in bulk
synthesis. We then extract the strength and average spacing of
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FIG. 1. Electrical transport measurements performed at 2 K. (a) Magnetoresistance % as a function of applied magnetic field H ‖ ẑ, current
I ‖ x̂ for Cd3As2 samples grown with different As/Cd flux ratios but otherwise under identical conditions. (b) Log-log plot illustrating that the
MR for all samples crosses over from quadratic to linear field dependence at an onset field between 1 and 10 T that depends on the As/Cd flux
ratio. (c) Hall resistivity as a function of magnetic field for the same samples. (d) Electron concentration n3D and (e) mobility μ as a function
of As/Cd flux ratio

this disorder with the GCDM. Combining our findings with
density functional theory (DFT), we conclude that charged
cadmium defects mainly impact the electrical transport of
Cd3As2. While these defects introduce modest disorder poten-
tials ∼10–20 meV, lowering their concentration by an order of
magnitude leads to a marked increase in the LMR. This work
experimentally verifies the GCDM as an accurate predictor of
LMR values, positioning it as a tool to evaluate how to tune
LMR in other materials.

Cd3As2(112) thin films were synthesized at 115 ◦C on
GaAs(111) substrates using light-assisted MBE. All samples
have similar thicknesses (490–575 nm). The ratio of the As/Cd
fluxes was varied from 0.23 to 2.37. This variation does not
influence the stoichiometry at the atomic % level, as verified
by x-ray photoemission spectroscopy [Supplemental Material
(SM) Fig. S1 [13]] but instead influences the concentration
of native point defects at typical electronic doping levels
(<0.04%), as typical in semiconductors. Hall bars were fabri-
cated with standard photolithography, wet chemical etching,
and electroplated Au contacts. Magnetotransport measure-
ments were performed in a Physical Property Measurement
System from Quantum Design. We present a DFT analysis
of the intrinsic point defects for the 80-atom ground state
structure with spin-orbit coupling to understand how point
defects impact the density of states near the Dirac point. Total
energies and electronic structures were calculated using the
pseudopotential momentum-space formalism, the projector
augmented-wave (PAW) method as implemented in the VASP

code [14], and the strongly constrained and appropriately

normed (SCAN) exchange-correlation functional [15]. SCAN
is a meta generalized gradient approximation (meta-GGA)
functional in which the local exchange-correlation potential
of standard DFT is replaced by a differential operator [16],
and it generally improves the description of lattice parameters
and electronic properties such as band gaps in semiconductors
and insulators [17]. More information on the synthesis, mag-
netotransport measurements, and calculations are available in
the SM [13] (see also Refs. [18–26] therein) and Ref. [27].

Figure 1 presents results demonstrating that the As/Cd
flux ratio used during growth significantly impacts the
MR properties. All measurements were performed at 2 K.
Figure 1(a) shows the MR% defined as MR% = 100% ×
[ρxx (μ0H )−ρxx (μ0H=0)]

ρxx (μ0H=0) , where ρxx is the longitudinal resistivity,
the magnetic field H ‖ ẑ, and current I ‖ x̂. The MR at μ0H =
14 T ranges from 450% in the sample grown under the lowest
As/Cd flux ratio (As/Cd = 0.23, teal) to 905% in the sample
grown with the nearly highest As/Cd flux ratio (As/Cd =
1.69, purple). This latter value is large compared to 300%–
500% values measured in other Cd3As2 thin films [28,29], and
the total MR% variation across samples is approximately 2×.
Furthermore, all samples display a turnover from quadratic to
LMR with an onset field between 1 and 10 T that is dependent
on As/Cd flux ratio [Fig. 1(b)]. Figure 1(c) shows the Hall
resistivity (ρxy) as a function of applied field. The ρxy of all
samples has a negative slope, suggesting that the transport is
dominated by a single electronlike carrier. This is consistent
with behavior in bulk crystals and is expected when the Fermi
level is pinned above the Dirac node [2,30]. The presence of
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FIG. 2. (a) tan θH = ρxy(H )/ρxx (H ) as a function of magnetic field for samples grown under different As/Cd ratios. (b) The field saturation
of tan θH which occurs at field HS when MR% or equivalently ρxx becomes linear. (c) The disorder potential eV0 as a function of As/Cd flux
ratio. (d) The disorder length scale ξ determined by the cyclotron radius at the saturation field HS. The inset shows a simplified schematic of
the guiding center diffusion model (GCDM), adapted from Ref. [11], which we use to describe the 3D charge carrier motion. The concentric
circles represent samplings of the disorder potential. (e) The density of point defects suggested by the disorder length scale ξ (black squares).
We calculate the density of point defects as nDefects = (8α3ξ 3)−1, where α ≈ 0.04 is the effective fine-structure constant for Cd3As2 [9]. (f)
MR% as a function of the As/Cd ratio compared with the predicted MR% from the GCDM [11]. All measurements were performed at 2 K.

Shubnikov–de Haas (SdH) oscillations demonstrates that all
samples are of high quality.

Figures 1(d) and 1(e) show carrier concentration n3D and
the mobility μ extracted from low-field (±0.1 T) Hall mea-
surements as a function of As/Cd flux ratio. The transport
behavior evolves as a function of As/Cd flux ratio used during
growth. The carrier density initially decreases with increasing
As/Cd ratio, reaches a minimum value at 1.2 × 1017 cm−3

at As/Cd = 1, then increases for more As-rich growth. The
mobility for all our samples is large [>18 000 cm2/(V s)] and
does not systematically vary with the flux ratio.

In Fig. 2, we analyze the magnetotransport to quantify the
role of disorder, which we will show is key to explaining
the changes in the MR% and the carrier concentration trends
shown in Fig. 1. Figure 2(a) shows the field dependence of the
tangent of the Hall angle, tan θH = ρxy (H )

ρxx (H ) , measured at 2 K.
With increasing field magnitude, we find that | tan θH | rapidly
saturates at a large value (| tan θH | > 2) for all samples. Sim-
ilar behavior of tan θH has previously been used to evaluate
nonsaturating LMR in TaP and NbP single crystals [31]. In
these materials the field saturation of tan θH was found to be
explained by the GCDM [11].

The GCDM does not require multiband compensation or
significant disorder to explain the nonsaturating LMR and is
the most appropriate framework for Cd3As2. A schematic of
the GCDM principles is shown in the inset of Fig. 2(d). The
3D trajectories of charge carriers are altered by a smoothly

varying potential energy landscape originating from disorder
with typical strength V0 and correlation length ξ . Smoothly
varying disorder potentials are generated via the effective
screening of charged defects resulting from large dielectric
constants in TSMs [9]. LMR in the GCDM arises from the
scattering and subsequently altered diffusion of low momen-
tum charge carriers around the disorder potentials. These
carriers that scatter and diffuse around the potentials dominate
the electrical transport when the cyclotron radius rc is reduced
below the disorder correlation length, yielding LMR. Such
disorder potentials have been shown to emerge from charge
puddles induced to screen charged defects in Cd3As2 and
the TSM Na3Bi [32,33]. These disorder potentials vary on
length scales of tens of nanometers, which can satisfy the
requisite GCDM ingredient for smoothly varying potentials,
rc < ξ , at reasonable fields in many TSMs. In the case of
Cd3As2, high Fermi velocities (∼106 m/s) [2] and small mag-
nitudes of the Fermi level above the Dirac point (0.1–0.2 eV)
suggests that rc can reach 10–100 nm at modest magnetic
fields (∼10 T), permitting us to probe disorder on this length
scale. This combination of large Fermi velocity and low Fermi
level is common to many other topological materials with
nonparabolic bands, highlighting the large scope of applica-
bility of our findings. Analysis of the tan θH field dependence
allows us to quantitatively determine when the MR becomes
linear: Because ρxy is linear over the whole field range stud-
ied, tan θH is field independent once ρxx becomes linear. We
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extract the saturation field HS by fitting tan θH to the empirical
equation tan θH = A tanh(H/HS), where A is a constant. The
extracted HS, shown in Fig. 2(b), decreases with increasing
As/Cd flux ratio except in the most As-rich condition.

From the GCDM framework, we extract the disorder
strength eV0 [Fig. 2(c)], which is predicted to follow the re-
lationship tan θH = 2√

27π

( EF
eV0

)3/2
in the regime where tan θH

is field independent (i.e., H > HS) [11]. Here, the Fermi level
EF, extracted from the dominant SdH oscillation frequency
[SM Fig. S2(c) [13]], is defined relative to the Dirac point. The
disorder strength is maximized for As/Cd = 1 and decreases
with As- or Cd-rich growth. The values of eV0 determined in
our Cd3As2 epilayers are consistent with scanning tunneling
spectroscopy measurements of bulk Cd3As2 [32], providing
additional evidence that the disorder potentials in topologi-
cal semimetals are low compared to the thermal energy of
electrons that extend up to even modest temperatures. The
disorder correlation length can be extracted from the rc at
HS where the MR% becomes linear: ξ ≈ m∗

e vF

eμ0HS
. We assume

the Fermi velocity is constant as a function of As/Cd flux
ratio and use the value of vF = 9.3 × 105 m/s from Ref. [2]
along with m∗

e = EF/v
2
F to calculate the disorder correlation

length. In Fig. 2(d) we show that ξ estimated from tan θH

increases as a function of the As/Cd flux ratio. Both ξ and
V0 have a similar order of magnitude as found in bulk NbP
and TaP [31]. While ξ is a measure of the average distance
between maxima in the disorder potential, these maxima are
the result of the additive screened potentials of several charged
defects. To calculate the charged defect concentration, we
utilize the relation nDefects = (8α3ξ 3)−1 [9] where α ≈ 0.04
is the effective fine-structure constant for Cd3As2 [Fig. 2(e)].

Within the GCDM, MR% is predicted to be related to
disorder (via tan θH ) by [11]

MR% ≈ μ

104
μ0H

tan θH

1 + tan2 θH
, (1)

where MR% increases with increasing mobility and increas-
ing V0 for our Fermi energies (95–115 meV). Figure 2(f)
demonstrates that Eq. (1) agrees with our data, verifying the
GCDM model. This provides an experimental basis for under-
standing disorder-driven LMR in a wide variety of TSMs.

Evaluation of the quantitative ξ and V0 parameters ex-
tracted from MR data allows us to conclude that the main
source of disorder influencing MR behavior in Cd3As2 is
native point defects. The disorder length scales imply that
scattering centers are located every ∼40–100 nm on average,
corresponding to point defect densities ∼1018–1019 cm−3,
which could reasonably be expected in our epilayers. On the
other hand, threading dislocations would be spaced several
hundred nanometers or microns apart for the known densities
of mid 108 cm−2 in our epilayers [27]. We also do not expect
the As/Cd flux ratio to influence extended defects in the same
way as point defects.

To understand the role of point defect populations in elec-
tron transport in Cd3As2, we examine their behavior with
DFT. The 80-atom primitive cell of the Cd3As2 crystal struc-
ture (space group I41/acd) is made up of building blocks
of antifluorite Cd4As2 with an ordered arrangement of miss-
ing Cd atoms (empty sites) [34], as illustrated in Fig. 3(a).
Thus, we expect Cd interstitials (Cdi) and vacancies (V Cd)

FIG. 3. (a) Schematic of the simplified Cd3As2 structure derived
from the antifluorite lattice. Indicated are empty sites on the cation
sublattice (blue dashed lines) and the interstitial and vacancy defects.
(b) DFT density of states for the VAs, VCd, and Cdi defects, as a
function of energy given relative to the Dirac point energy of the
defect-free Cd3As2 host.

(distinct from empty sites) can form readily by either oc-
cupying these empty sites or removing existing Cd atoms,
respectively. We additionally consider As vacancies (V As),
which have been tentatively implied as the source of electron
doping in early investigations of Cd3As2 [35]. Figure 3(b)
shows the calculated density of states (DOS) of these point
defects. The DOS of V As shows a localized defect state close
to EF, suggesting that V As will cause electron scattering. This
behavior is in agreement with scanning tunneling microscopy
measurements, which showed that V As caused fluctuations in
conductance [32]. The V As state is half filled, indicating that it
has an amphoteric character and is not likely to be the source
of free electrons. In contrast, V Cd and Cdi introduce hole and
electron doping, respectively, without significantly changing
the DOS profile of the defect-free crystal. Our calculations
indicate (see SM [13] and Ref. [36]) that V As has significantly
higher formation energies than the Cd defects and thus will
be several orders of magnitude lower in concentrations than
those defects. Antisite defects and As interstitials have higher
formation energies than V As and have even lower concentra-
tions. We expect that the V Cd and Cdi defects are the primary
source of the disorder potential in Cd3As2. According to DFT
for our growth conditions, the total concentration of V Cd and
Cdi defects sum to ∼1018 defects/cm3, in agreement with
Fig. 2(e). While we cannot directly probe the relative den-
sities of V Cd and Cdi defects with the GCDM, the changes
in n3D as a function of As/Cd flux ratio are dependent on the
relative concentrations of Cdi and V Cd. We are unlikely to see
the effects of the changes in cadmium defect density on the
mobility because our film mobilities are limited by extended
defects. A more detailed DFT account of defects and doping
in Cd3As2 is given in Ref. [36].

In summary, we find that the As/Cd flux ratio controls
the concentration of point defects that contribute strongly to
scattering. An order of magnitude reduction of the scattering
center defect concentration as a function of As/Cd flux ratio
paired with an increase in the disorder potential produces a
substantial increase in the magnetoresistance from 450% to
900%. The onset of LMR, HS, occurs at a lower field in
the samples with fewer scattering centers. The As/Cd flux
ratio controls the carrier concentration, which varies from 1
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to 4 × 1017 cm−3. By calculating defect concentrations with
DFT, we link the scattering defects as well as variation
of the carrier concentration to a combination VCd and Cdi

defects.
Our study reveals the connection between point defects

and large LMR in Cd3As2. The importance of this work is
summarized as follows. The tunable control of point defects
made possible by MBE growth allows us to experimentally
verify the ability of the GCDM to explain LMR behavior. Our
findings represent widely applicable guidelines for engineer-
ing electronic properties within other topological semimetals.
Since the mobility in our films is limited by extended defects,
μ is decoupled from LMR, isolating the impact of point
defects. We find that V0 and EF vary with the Cd defect
concentrations, altering the LMR magnitude. This conclusion
contradicts the previous assumption that V As defects were
responsible for LMR [10]. The verification of the GCDM as
an experimental framework confirms the assertion that topo-
logical states are not responsible for LMR. Instead, LMR in
Cd3As2 and similar systems is due to diffusive motion of
charge carriers around potential barriers created by charged,
screened point defects. Centrally, the GCDM connects a
bulk magnetoelectric probe to details of microscopic disor-
der in TSMs. These results provide experimentally driven
conclusions for the origin of LMR in TSMs and pave the

way for the tunability and use of large LMR in device
applications.
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