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Having previously been the subject of decades of semiconductor research, cadmium arsenide has
now reemerged as a topological material, realizing ideal three-dimensional Dirac points at the Fermi
level. These topological Dirac points lead to a number of extraordinary transport phenomena,
including strong quantum oscillations, large magnetoresistance, ultrahigh mobilities, and Fermi
velocities exceeding graphene. The large mobilities persist even in thin films and nanowires of
cadmium arsenide, suggesting the involvement of topological surface states. However, computational
studies of the surface states in this material are lacking, in part due to the large 80-atom unit cell.
Here we present the computed Fermi arc surface states of a cadmium arsenide thin film, based
on a tight-binding model derived directly from the electronic structure. We show that despite the
close proximity of the Dirac points, the Fermi arcs are very long and straight, extending through
nearly the entire Brillouin zone. The shape and spin properties of the Fermi arcs suppress both
back- and side- scattering at the surface, which we show by explicit integrals over the phase space.
The introduction of a small symmetry-breaking term, expected in a strong electric field, gaps the
electronic structure, creating a weak topological insulator phase that exhibits similar transport
properties. Crucially, the mechanisms suppressing scattering in this material differ from those in
other topological materials such as Weyl semimetals and topological insulators, suggesting a new
route for engineering high-mobility devices based on Dirac semimetal surface states.

I. INTRODUCTION.

Cadmium arsenide (Cd3As2) is a well known semicon-
ductor that has been thoroughly studied for the greater
part of a century for its remarkable transport proper-
ties [40]. More recently, this material was predicted
[44] and confirmed using angle-resolved photoemission
spectroscopy [5, 26, 33, 48] to be a topological Dirac
semimetal . A conventional Dirac semimetal exists at
the boundary between topological insulator (TI) and nor-
mal insulator phases in a system possessing both time-
reversal and inversion symmetries, and hosts a Dirac
node at a time-reversal invariant momentum point in the
Brillouin zone (BZ) [47]. However, such a phase can also
exist when the crystal structure possesses a rotational
axis [11], such as the C4 rotation in Cd3As2, which can
result in accidental band crossings at the Fermi energy,
leading to two topologically protected Dirac points along
the Γ− Z direction [44].

The properties of cadmium arsenide have been well es-
tablished through a number of experimental works, in
which it served as a prototypical system for demonstrat-
ing the optical conductivity [6, 14, 25], quantum oscilla-
tions [21, 49, 53], electronic transport [3, 19, 20, 22, 36,
39, 52] of Dirac semimetal materials. Dirac semimetals
were additionally predicted to exhibit proximity-induced
superconductivity [16], and Cd3As2 was used in experi-
mental realizations of this effect [12, 18, 37, 43].

Cadmium arsenide also received limited theoretical
treatment using models [27, 44] and first-principles cal-

culations [1, 4, 23, 30, 44], which are inherently limited
by the large number of atoms in its crystal unit cell.
In particular, this makes first-principles investigations of
the surface state physics of Cd3As2 especially difficult on
account of the even larger supercells involved.

The Dirac points in Cd3As2 can be considered as com-
posed of opposite chirality Weyl points, which are con-
nected by Fermi arcs at the material surface [41]. It
has been shown that the Fermi arcs in Weyl semimet-
als can be highly conductive [31], prompting the ques-
tion of whether the Fermi arc states of Dirac semimetals
can lead to similar transport effects. This question is
particularly relevant for the case of cadmium arsenide,
which has been shown to exhibit extraordinarily high
electronic transport even in thin-film and nanowire ge-
ometries [20, 24, 36, 42, 53], where surface effects would
be expected to dominate.

Here we perform a numerical study of the electronic
transport of Cd3As2 mediated by its Fermi arc surface
states. We begin by empirically deriving a tight–binding
model fit to the first-principles electronic structure, and
use it to construct a 40-layer slab supercell to extract the
surface energy bands. We show that contrast to prior
k · p models [44], the Fermi arcs of Cd3As2 in our ab ini-
tio-based model are long and straight, extending across
the entire BZ to connect across the zone boundary. By
performing explicit calculations of the phase space avail-
able to electronic scattering we demonstrate that two
major scattering contributions become vanishingly small
regardless of the scattering mechansim. This can po-
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tentially lead to very high conductance in thin films of
Cd3As2. We further extend this argument in the pres-
ence of an external electric field, where we show that
the induced symmetry–breaking results in a weak topo-
logical insulator phase, whose surface states preserve the
essential properties necessary for high electronic mobil-
ity. We conclude by discussing how these results might
lead to next-generation electronic devices based on the
high electronic mobility of the surface states and their
potential hydrodynamic transport, and how such long,
straight Fermi arcs might be engineered in semiconduc-
tor heterostructures.

II. MATERIAL BACKGROUND.

Although research on the properties of Cd3As2 has
been reinvigorated by the confirmation of its topologi-
cal electronic structure [5], the material itself has been
known to exist for nearly a century [40]. At high tem-
peratures, cadmium arsenide adopts a ten–atom anti–
fluorite structure (Fm3̄m #225) with two cadmium va-
cancies [40]. Upon cooling to ∼ 600◦C, the remaining
cadmium atoms displace towards the ordered vacancies,
resulting in a the intermediate structure with a distorted√
2 ×

√
2 × 2 supercell (P42/nmc #137) of the original

cubic structure [29]. Below ∼ 475◦C, the material settles
into its low–temperature phase, which is a 2 × 2 × 4 su-
perstructure of the ten–atom anti-fluorite cell. The exact
nature of this low temperature phase has been somewhat
controversial, initially being assigned to the inversion-
broken I41cd (#110) space group [38], which was recently
reexamined and found to actually be the centrosymmet-
ric I41acd (#142) [1]. This has important consequences
for the electronic structure, preserving the Dirac cross-
ings in the BZ, and enabling the possibility of tuning the
topological phase by breaking inversion symmetry.

The topological nature of the electronic structure
in Cd3As2 has been confirmed experimentally with
transport and angle-resolved photoemission spectroscopy
(ARPES) measurements.

Electronic excitations around the Dirac cones at the
Fermi level of Cd3As2 behave like relativistic Dirac
fermions with linear dispersion. These excitations have
extremely large Fermi velocities [36], and are expected
to lead to large electronic mobilities which have been ob-
served experimentally [19, 20, 36]. Surprisingly, these
high electron mobilities persist even in thin–films and
nanowires of Cd3As2 [24, 27, 36, 42]. Bulk-boundary
correspondence in topological materials [9] implies that
topological features in the bulk exist in tandem with
topologically protected surface states, which in the case
of bulk Dirac points take the form of Fermi arcs con-
necting their projections on the surface. Such Fermi
arcs are known to be highly conductive for related Weyl
semimetal systems [31], and would be expected to domi-
nate the transport properties of Cd3As2 in thin–film and
nanowire geometries.

FIG. 1. Electronic structure of Cd3As2 derived from first
principles density functional based calculation(black), and its
tight binding fit (red).

ARPES measurements enable the direct observation of
bulk and surface states. This has allowed the linearly dis-
persing Dirac cones at the Fermi surface to be directly
observed [5, 26, 33, 48]. The derived k · p model [44]
predicts the existence of short Fermi arcs enclosing the
Γ point, and later studies of the Weyl–semimetal state
in symmetry–broken Cd3As2 using a model derived from
Wannier interpolation also predict short arcs [30]. How-
ever, the k · p model necessarily represents only the be-
havior near the Γ-point, poorly capturing the electronic
structure at the BZ edge, and experimental ARPES mea-
surements have yet to observe Fermi arc surface states. It
has been suggested that the difficulty in observing Fermi
arc surface states in Dirac semimetals might stem from
their lack of topological protection [15], and in fact there
exist Dirac systems that completely lack Fermi arcs [17].

Directly simulating these surface states from first prin-
ciples would be computationally prohibitive, as such a
calculation would require a slab supercell consisting of at
least several dozen enormous unit cells of Cd3As2. The
inclusion of spin-orbit coupling in order to correctly cap-
ture the topological electronic structure, and the dense
k-point grids needed to obtain the Fermi surface would
further complicate this approach. On the other hand, a
k · p model, while quick to compute, would not be able
accurately represent the electronic structure throughout
the entire BZ. The most optimal approach, which ad-
mits a trade–off of speed and accuracy, is a tight-binding
model.
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FIG. 2. The Brillouin Zone (BZ) of bulk Cd3As2 and its pro-
jection along the langle110⟩ direction that is used for calculat-
ing the surface states. The blue rectangle shows the portion
of the surface BZ that will be used in subsequent plots. The
bulk Dirac points along Γ − Z and their projections onto the
surface BZ are indicated by small circles.

III. ELECTRONIC STRUCTURE OF Cd3As2

We perform self-consistent density functional–based
electronic structure calculation of Cd3As2 using the full
potential linear muffin–tin orbital method (FPLMTO)
including spin–orbit coupling [34]. The band structure
plotted along the Z − Γ −X direction shown in Fig. 1,
clearly reveals the four-fold degenerate Dirac point along
the Γ − Z direction which is protected by the C4 rota-
tional symmetry of the crystal [11], and is consistent with
previous studies of Cd3As2 [1].

In order to numerically study the topological surface
states of Cd3As2 and their transport properties, we de-
rive a tight–binding model by empirically fitting the elec-
tronic structure. Our model captures the essence of the
electronic behavior throughout the (BZ), and accurately
reproduces the four-fold topological Dirac point along the
Γ− Z direction as shown in red in Fig. 1. (We describe
the tight-binding fit and list the parameters of the model
in the Supplemental Material)

Using this tight–binding model we construct a 40-layer
slab in the ⟨110⟩ direction, by first extending the model
over the supercell and then forbidding hoppings between
the top and bottom surfaces. The relationship between
Brillouin Zones for the bulk and the slab is shown in Fig.
2.

The resulting band structure can be plotted within the
plane spanned by the k⟨1−10⟩ = kxy and k⟨001⟩ = kz
vectors, shown in Figure 3a). The surface states arising
from the topological Dirac nodes are clearly visible as the
only states crossing the Fermi energy.

Plotting the Fermi surface of the slab calculation re-
veals that the two Dirac point projections are connected

by very long, straight Fermi arcs (Fig. 3b). In con-
trast to k · p calculations [44], these arcs do not enclose
the Γ point, and instead extend through the entire BZ
to connect across the BZ boundary. The origin of the
arcs can be understood in terms of the ± chirality Weyl
points comprising each Dirac point. Each pair of Weyl
points located at opposite momentum space k-points are
connected by a single Fermi arc. The two Dirac points of
Cd3As2 can be thought of as two pairs of coincident Weyl
points of anti-aligned chiralities, with each pair having its
own Fermi arc. An important feature of the Fermi arcs
is the spin-texture; spins along each arc point along op-
posite directions, but rotate as they approach the Dirac
node projections to align with local “all-out” arrange-
ment around each point.

FIG. 3. 40-layer slab calculation of the tight-binding model
fit for the Dirac semimetal phase of Cd3As2, showing the a)
band structure, and b) Fermi arc surface states. Note that
the shown region is stretched along the k⟨1−10⟩ direction in
order to more clearly show the arc shape.
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IV. TRANSPORT ANALYSIS

We now proceed to the analysis of the surface–
mediated transport in Cd3As2 from first principles. The
relaxation rate of the electrons due to impurities or
phonons is related to the matrix element of their scat-
tering potential. This usually results in a temperature–
independent impurity contribution to the resistivity of
a metal often seen at very low temperatures, with an
electron–phonon contribution that scales linearly with
temperature, ρe−ph(T ) ∝ λtrT , where λtr is the so called
transport coupling constant, which captures the scatter-
ing processes of the electrons near the Fermi surface. It
can be obtained from an integral over the Brillouin Zone
λtr =

∑
q = λtr(q) [2], of various scattering events sub-

jected to the momentum and energy conservation laws:

λtr(q) ∼
∑
k

(vkα − vk+qα)
2|Vkk+q|2δ(ϵk)δ(ϵk+q). (1)

Here, ϵk, ϵk+q are the energies and vkα, vk+qα are the
Fermi velocities at points k,k + q in the phase space.
The delta functions δ(ϵk), δ(ϵk+q) constrain scattering
to the Fermi surface. The transport direction is set by
α = x, y, z, while Vkk+q is the matrix element of the
potential arising from either impurities or atomic dis-
placements induced by a phonon with wavevector q. For
the spinor states of the electrons, it has both spin and
spatial contributions which can be accounted for in a
factored form for non–magnetic impurities or phonons:
Vkk+q = V spin

kk+qV
space
kk+q .

Generally, electron–phonon resistivity calculations can
be carried out for real materials from completely first
principles [31, 35]. The same is true for supercell sim-
ulations with impurities, however, the large unit cell of
Cd3As2 expanded to a 40-layer slab contains thousands
of atoms and would make such direct approaches com-
putationally intractable. Instead, we use our previously
derived tight-binding fit to perform the analysis of the
phase space available to scattering using Eq.(1), and de-
rive our conclusions based on this phase space calcula-
tion.

For a slab extended in the ⟨110⟩ direction, the BZ will
be highly compressed along k⟨110⟩, therefore we use a two-
dimensional 800× 800 k-point grid for the integration in
Eq.(1). Since the Fermi arcs are very narrow along the
k⟨1−10⟩ direction, the q-point region for visualizing λtr(q)
is selected to be a part of the BZ, spanned by the corners
(1/4,−1/4, 0), (−1/4, 1/4, 0) in the (2π/a, 2π/a, 2π/c)
units of the reciprocal space.

Before discussing the numerical results, we qualita-
tively consider the behavior of the phase space avail-
able to scattering. The main contributions to λtr(q) are
known to be the back–scattering processes since in this
case the electronic velocities entering Eq.(1) will point in
opposite directions. The back–scattering (k → −k) oc-
curs in every three dimensional Fermi surface but would
be absent for a true Weyl semimetal since its Fermi arcs
reside on different surfaces. However, this is no longer

true in a Dirac semimetal where both Fermi arcs appear
at the same surface. We however, notice here that aside
from small regions near the Dirac point projections, the
spinor states on opposite Fermi arcs are anti-aligned as
seen in Fig. 3b. This makes such back–scattering pro-
cesses strongly cancel each other for non magnetic im-
purities or phonons, due to the orthogonality of spinors
with opposite spins. In contrast, side-scattering (k → k′)
can occur between any two momentum points along each
Fermi arc. The magnitude of this contribution depends
on the Fermi velocity term (vkα − vk+qα)

2, where the
velocities are oriented perpendicular to the arc. For the
long, straight Fermi arcs that we find in Cd3As2, elec-
trons are only scattered between states with parallel ve-
locities, thus reducing this contribution to zero. This
is analogous to the case of Fermi arc states in Weyl
semimetals such as TaAs [31] and NbAs [50].

These contributions can be visualized (Figure 4) in the
q-dependence of the phase space integral by adding each
term in the expression (1) iteratively. First, we evaluate
the bare contribution

∑
k δ(ϵk)δ(ϵk+q), shown in Figure

4(a). The effect of the dumbbell-like structure of the
Fermi arcs is apparent here, forming two bright bands
flanking a bowtie-shape along the central strip of the q-
space. While this term lacks the velocity pre–factor of the
full expression and cannot be quantitatively compared to
the other calculations, it clearly shows all of the allowed
transitions within the phase space.

Next we add the velocity contribution, computing the
integral

∑
k(vkα − vk+qα)

2|δ(ϵk)δ(ϵk+q), shown in Fig.
4(b). This greatly reduces the amplitude of side scat-
tering processes along the Fermi arcs extended in the qz
direction, evidenced by the disappearance of the central
bowtie structure in the phase space.

We can also quantitatively compare the ef-
fect of including the spin term

∑
k(vkα −

vk+qα)
2|V spin

kk+q|2δ(ϵk)δ(ϵk+q), since for non–magnetic
scatterering processes this reduces to evaluating the
overlap between two spinor states of the electrons. The
result is shown in 4(c), where we also indicate the scales
of the obtained phase space functions since the integrals
with and without |V spin

kk+q|2 have the same units. As one
can see, the effect of including the spinor overlaps results
in the complete suppression of the back–scattering
terms, making their contributions to λtr almost negli-
gible throughout the entire phase space, as evidenced
in Fig. 4(c) and its comparison with 4(b) (note the
difference in scales). The only remaining contributions
are faint regions at the edge, which correspond to weak
scattering terms between k-points located near opposite
Dirac node projections.

The results obtained here can naturally explain recent
low temperature resistivity measurements of Cd3As2 [19],
where it was found that some samples below 5K exhib-
ited very long transport lifetimes, up to 104 longer than
the quantum lifetimes. The resistivity anisotropy was ob-
served to be 20–30 in samples with large lifetime enhance-
ments, along with measured ultrahigh carrier mobilities
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FIG. 4. Phase space calculation of scattering processes involving Fermi arc electrons in Cd3As2. Case (a) is the double-delta
integral, (b) includes the velocity prefactor and (c) includes both velocity and spin prefactors. Note that the normalization
factor in (a) differs from the other two plots so only (b) and (c) can be compared quantitatively.

that were claimed to be protected by an ”unknown mech-
anism” [19]. Although such a behavior would indeed be
unexpected for bulk Dirac cone states in Cd3As2, it is
easily understood if the surface transport at very low
temperatures is taken into account. Here, in the absence
of thermally activated carriers at the bulk, the Fermi
arc surface states would be the main contributor to the
conductivity, so strong anistoropy and very large car-
rier mobility are expected as seen from our phase space
calculation with the strongly suppressed back– and side–
scattering events.

V. TOPOLOGICAL INSULATOR PHASE

We now proceed to the analysis of the Cd3As2 surface
states in the presence of an inversion breaking term. This
can occur either in the vicinity of the contact interface
with the electrical leads or when a strong electric field is
applied. Both effects can naturally occur along the ⟨110⟩
growth direction, breaking the inversion and C4 rotation
symmetries of the system, and introducing a small gap at
the Dirac points. This symmetry–breaking effect can be
modeled at the level of the crystal structure by introduc-
ing small opposite shifts of the Cd cations and As anions
along the ⟨110⟩ direction. It can be easily analyzed based
on a 4 × 4k · p model Hamiltonian. (See Supplemental
Material for details)

Gapping a Dirac point along a high symmetry line can
result in either a Weyl semimetal or topological insulator
(TI) [47]. We eliminate the first possibility by employ-
ing the monopole mining method [13], which finds no
sources/sinks of Berry curvature within the BZ. For the
second case, we determine the classification [8, 9] of the
TI phase by explicitly computing the topological indices
on each torus using a discretized plaquette link method
[7, 10]. This identifies a weak TI phase, which is con-
firmed by our calculation of (a) the surface energy band

states (Figure 5a) with the Dirac cone appearing around
zone boundary Z point of the Brillouin Zone, and of the
Fermi surface sheets crossing the edges of the BZ (Figure
5b) instead of encircling the Γ point as they would for a
strong TI.
The Fermi surface of the Cd3As2 TI phase is qualita-

tively very similar to the Dirac semimetal phase. Fermi
surface sheets have long straight regions extended in the
Γ−Z direction, as well as the anti–aligned spin structure
at (k,−k) opposite k-points. The only deviations from
this are slight spin rotations near the Γ point, where the
Dirac node projections were previously located. Over-
all however, this Fermi surface structure would similarly
suppress both back and side-scattering processes, result-
ing in a highly suppressed scattering just as in the Dirac
phase.

VI. CONCLUSION

In conclusion, based on our accurate numerical fits
to the electronic structure of Dirac semimetal Cd3As2,
we have computed the surface states in a slab geome-
try, finding Fermi arcs that stretch through the edges of
the Brillouin Zone and produce very long and straight
Fermi surfaces. Their particular shape and spin struc-
ture results in suppression of both back– and side– scat-
tering effects in the electronic transport, which was ex-
plicitly demonstrated by calculating the available phase
space to the scattering for the Fermi arc electrons of the
Dirac semimetal phase. A similar suppression mecha-
nism is expected for the surface states of a possible weak
topological insulator phase, that can be induced by an
inversion–breaking perturbation. Ultra–high carrier mo-
bility and strong resistivity anisotropy at very low tem-
peratures naturally emerges from the present study which
could explain recent resistivity measurements in Cd3As2
[19].
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FIG. 5. 40-layer slab calculation of the tight-binding model
fit for the topological insulator phase of Cd3As2, showing the
a) band structure, and b) surface states. Note that the shown
region is stretched along the k⟨1−10⟩ direction in order to more
clearly show the surface states.

Recently, a number of approaches have emerged for en-
gineering topological Dirac states in semiconductor het-
erostructures [28, 45, 51]. The mature fabrication meth-
ods developed around these Group-III, -IV, and -V semi-
conductors enable the creation of heterostructures with
precise control over layer thickness, termination, doping,
and strain. Since the shape of Fermi arc surface states is
highly dependent on the crystallographic direction of the
surface, the atomic terminations, surface strain, and ma-
terial interfaces [32, 46], these highly–tunable semicon-
ductor heterostructures could be used to engineer long,
straight, Fermi arc states with high mobilities for next–
generation electronic devices.
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