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Cd3As2 is widely considered among the few materials realizing the three-dimensional (3D) Dirac semimetal
phase. Linearly dispersing states, responsible for the ultrahigh charge mobility, have been reported by several
angle-resolved photoelectron spectroscopy (ARPES) investigations. However, in spite of the general agreement
between these studies, some details are at odds. From scanning tunneling microscopy and optical experiments
under magnetic field, a puzzling scenario emerges in which multiple states show linear dispersion at different
energy scales. Here, we solve this apparent controversy by reinvestigating the electronic properties of the (112)
surface of Cd3As2 by combining ARPES and theoretical calculations. We disentangle the presence of massive and
massless metallic bulk and surface states, characterized by different symmetries. Our systematic experimental and
theoretical study clarifies the complex band dispersion of Cd3As2 by extending the simplistic 3D Dirac semimetal
model to account for multiple bulk and surface states crossing the Fermi level, and thus contributing to the unique
material transport properties.
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I. INTRODUCTION

Since their theoretical prediction [1], three-dimensional
Dirac semimetals (DSMs) are fascinating the condensed-
matter community in consideration of their high potential
for applications. DSMs represent the three-dimensional (3D)
extension of graphene, with linearly dispersing bulk states.
The fourfold degenerate bulk Dirac point can result from an
accidental gap closure, as in the case of BiTl(S1−δSeδ)2 [2] or
ZrTe5 [3,4], or it can be topologically protected by symmetries,
such as invariance of the system under rotation [5]. DSMs can
display exotic surface states evolving into surface Fermi arcs
under the breaking of spin degeneracy, which splits the single
Dirac point into two chiral Weyl points [6].

Among the DSMs, Cd3As2 is the most investigated system
[7–18]. Its electronic properties have been investigated by
several angle-resolved photoelectron spectroscopy (ARPES)
studies [8–12]. Bulk states exhibit linear dispersion over a
wide energy range, up to several eV [8]. The occurrence
of 3D Dirac fermions has been connected to the material’s
ultrahigh mobility and giant magnetoresistance [13], which
might find application in devices such as ultrafast broadband
photodetectors [14,15].

Despite the general agreement between the ARPES ex-
periments, details of the band structure remain still unex-
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plained. First of all, the existence of a 3D Dirac point is
protected by the C4 rotational symmetry only along the �Z

direction, corresponding to the (001) surface termination [7]
not accessible to ARPES, as the natural cleavage plane is the
(112) termination [9,16]. Nevertheless, ARPES studies have
reported the existence of a sharp n-doped Dirac cone [9,10],
whose dimensionality shows no clear 3D periodicity [9] and
it was proposed to acquire two-dimensional (2D) character
upon alkali-metal evaporation [12]. The scenario becomes
even more puzzling if the gaze is turned to other experimental
techniques. The energy scale of the dispersion of the symmetry-
protected Dirac particles is strongly rescaled. Scanning tunnel-
ing spectroscopy under magnetic field reveals Landau levels
which are compatible with a shallow band inversion, of the
order of 20 meV [17]. Finally, a recent full optical study under
magnetic field has proposed that the band structure of Cd3As2

is better described in terms of massless Bodnar-Kane electrons,
linearly dispersing over a large energy scale [18].

In this paper we have reinvestigated the band structure of
(112)-terminated Cd3As2, by means of a joint experimental and
theoretical study aimed at reconciling apparent controversies
in previous ARPES studies [8–12]. In particular, we focus our
attention on the number and dimensionality of the low-energy
electronic states. By carrying out a detailed polarization-
dependent ARPES study, we disentangle the existence of
multiple states crossing the Fermi level, EF. Such states exhibit
different photon energy dependence and a clear signature of
the simultaneous presence of both surface and bulk states.
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FIG. 1. (a) Crystal structure of Cd3As2 characterized by space group I41cd and lattice parameters a = 12.65 Å and c = 25.44 Å [19].
(b) Reduced zinc-blende unit cell used in our model Hamiltonian. (c) Low-energy electron diffraction (LEED) image of a freshly cleaved
Cd3As2 sample. The first-order diffraction spots are arranged in the pseudohexagonal symmetry characteristic of the (112) natural cleavage
plane [16]. Blue lines indicate the surface Brillouin zone. (d) Experimental geometry of the BaDElPh beamline. The analyzer entrance slit lies
in the scattering plane and the measurements have been carried out at normal emission. The p and s light polarization, indicated with red and
blue arrows, are selectively probing only the even and odd states with respect to the crystal symmetry plane. (e), (f) ARPES image of the Cd3As2

band dispersion along the �K surface high-symmetry direction, measured with 20 eV photon energy and p and s polarization, respectively.
States with different parities are probed, and they are labeled with greek letters.

Specifically, our findings are consistent with the existence
of a 3D state highly dispersing up to several eV below EF,
similar to what was observed in Ref. [8]. Moreover, we reveal
a sharp Dirac cone which closely resembles the one previously
reported by other ARPES studies [9,10], and proposed to bear
a signature of the DSM phase. However, on the basis of our
photon-energy-dependent study we conclude that this is related
to a surface Dirac particle. Our theoretical calculations support
the existence of several bands, characterized by different
symmetries and by both bulk and surface character. Overall,
our observations indicate that Cd3As2 cannot be simply taken
as a prototypical DSM, but a more realistic model has to be
adopted to account for the presence of multiple states crossing
EF and contributing to the charge transport properties while
having different effective masses.

II. EXPERIMENTAL AND THEORETICAL METHODS

High-quality Cd3As2 single crystals were grown by self-
selecting vapor growth, as described in detail in Ref. [19].
Cd3As2 can adopt two possible body-centered tetragonal
structures, of defect antifluorite type [16], with either noncen-
trosymmetric I41cd space group [20] or with centrosymmetric
space group I41/acd, depending on the growth conditions
[19]. The crystals that are the subject of our study belong to
the noncentrosymmetric I41cd space group, as determined by
detailed x-ray diffraction studies [19].

Figure 1(a) shows the crystal structure, with lattice parame-
ters a = 12.65 Å and c = 25.44 Å [19]. The unit cell contains
32 formula units, and the resulting large number of atoms per
cell has hampered a direct calculation of the electronic band
structure, so far. For circumventing this problem, a simplified

model Hamiltonian has been developed [8,11]. The model is
based on a primitive zinc-blende cell formed by As ions in an
fcc lattice and Cd ions occupying one half of the tetrahedral
holes, as schematized in Fig. 1(b).

Our first-principles model Hamiltonian is constructed using
as a basis the maximally localized Wannier functions (WFs)
[21] obtained from density-functional theory (DFT) [22] cal-
culations. WFs are generated using the WANNIER90 code [23]
and the inputs to WANNIER90, overlap and projection matrices,
are obtained from DFT calculations within the generalized
gradient approximation [24] for the exchange-correlation en-
ergy as implemented in QUANTUM ESPRESSO [25]. The bulk
and surface band dispersions are obtained from the k-resolved
local density of states which are calculated from the surface
Green’s function of the semi-infinite system using the iterative
algorithm [26]. The on-site energies of s-like WFs at Cd are
chosen so that the resulting bulk- and surface-state dispersions
are able to capture the main features in the ARPES data
as similarly done in Refs. [8,11]. Considering the parity of
polarized light with respect to the mirror plane in the ARPES
setup, s-like WFs at Cd and py (pz) -like WFs at As are used for
simulating the ARPES data measured with p-polarized light
and px-like WFs at As for that with s-polarized light.

The Cd3As2 crystals are cleaved in ultrahigh vacuum
(UHV) by post-method. The natural cleavage plane occurs on
the (112) surface, indicated by a light-blue plane in Fig. 1(a),
and leaves large terraces ideal for ARPES experiments.
Figure 1(c) shows a low-energy electron diffraction (LEED)
image of a freshly cleaved surface. The first-order diffrac-
tion spots are arranged in a pseudohexagonal symmetry, as
expected for the (112) termination [8,16,19], and the corre-
sponding surface projected Brillouin zone (SBZ) is outlined
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in blue. The ARPES experiments have been carried out at
the BaDElPh beamline at the Elettra synchrotron, in the
energy range 20–34 eV [27]. The sample temperature was
set to 80 K, and the analyzer energy and angular resolution
were 15 meV and 0.2◦, respectively. A schematic drawing
of the experimental geometry is depicted in Fig. 1(d). The
analyzer entrance slit lies in the scattering plane defined by the
incoming photons and the photoemitted electrons. In contrast
to previous ARPES studies, our geometry can fully select the
parity of the investigated bands. In particular, p- (s-) polarized
photons probe purely even (odd) states with respect to the
material symmetry plane. In principle, circularly polarized
light would have granted simultaneous access to all the states,
although making their identification more difficult. We notice
that the Cd3As2 crystals exhibit a high surface reactivity,
even in a pressure <5 × 10−11 mbar, with a fast process of
p-type doping which takes place in the first minutes after
cleave, which we will discuss later. In principle, this energy
evolution of the band structure as a function of time can affect
a proper investigation of the material’s band dispersion. In
order to account for this problem, all the data shown here
have been acquired in stationary conditions, when no further
evolution of the chemical potential in the band structure was
detected.

III. RESULTS

The comparison between ARPES data acquired with dif-
ferent light polarization helps in clarifying the material band
dispersion. Figures 1(e) and 1(f) show the ARPES aquired with
20 eV photon energy along the �K high-symmetry direction
of the SBZ, with p- and s-polarized light, respectively. We
clearly distinguish different bands which we labeled with greek
letters. For p-polarized light, in Fig. 1(e), we resolve two bands
α and β crossing the Fermi level, while a third one, γ , reaches
its maximum dispersion ∼1 eV below EF. The sharp and
linearly dispersing α band immediately strikes our attention, in
contrast to the rather broad parabolic spectral distribution of the
other bands. This band closely resembles the one reported by
previous ARPES studies [9,10], and its nature will be discussed
in detail in the following. After switching to s-polarized light,
two different bands become visible, which we label δ and ε,
and the former is found to cross EF.

The remarkably broad dispersion of the δ band suggests its
possible bulk origin, which we have further investigated by
carrying out a photon-energy-dependent study. Figures 2(a)–
2(c) show the band dispersion at EF for selected photon
energies (24.0, 27.5, and 31.0 eV, respectively) along the �K

direction. We estimate the corresponding kz wave vectors by
using the inner potential value V0 = 10.6 eV as proposed by
Liu et al. [8]. In fact, our investigated photon energy range
is not sufficient to fully cover the whole 3D BZ; however, it
grants access to the momentum region close to the bulk � point,
where the bulk Dirac point is expected to be located, according
to a previous study [8]. The δ band clearly exhibits a large 3D
dispersion; it approaches EF when the photon energy is varied
between 20 and 24 eV, and it disperses away from EF for larger
photon energies up to 34 eV.

The evolution of the spectral weight at the Fermi level is
more clearly illustrated by the momentum distribution curves

FIG. 2. (a)–(c) Band dispersion of Cd3As2 along the �K high-
symmetry direction of the SBZ, measured with s-polarized light for
24, 27.5, and 31 eV photon energy, whose corresponding kz values are
indicated. (d) Stack of MDCs in the measured photon energy range,
20–34 eV with 0.5 eV step. Each MDC is integrated 15 meV across
EF, and they are displayed with a vertical offset. The photon energy
increases from the bottom to the top, and black lines correspond to
the data displayed in (a)–(c). (e) ARPES image of the data taken
at 24 eV displayed along with a guideline (brown) of the δ band
dispersion. (f) and (g) Calculated band dispersion for the zinc-blende
model Hamiltonian. The calculations show only states with odd parity,
compatible with the experimental geometry, for (f) the bulk and (g) at
the Cd-terminated (112) surface.

(MDCs) of Fig. 2(d). They are integrated over a 15 meV energy
window centered at EF from the ARPES images acquired in
the photon energy range 20–34 eV, with 0.5 eV energy step. For
the sake of visibility, the MDCs are displayed with a vertical
offset and the photon energy increases from the bottom to
top. Black lines correspond to the photon energies of panels
(a)–(c). The intensity at EF is maximum for the photon energies
between 23 and 24 eV. Figure 2(e) shows the ARPES data
corresponding to a photon energy of 24 eV, along with a brown
guideline tracing the band dispersion. The band dispersion is
well accounted by a parabolic dispersion, with effective mass
m∗ ∼ 0.23me ± 0.02me. From a linear fit, we estimate the
band velocity at the Fermi level to bev ∼ (5.2 ± 1) × 105 m/s,
a value which is slightly smaller than what is reported from
transport measurement [13], but in agreement with previous
ARPES studies [8,9].

Figures 2(f) and 2(g) illustrate the results of our model
calculations, for the simplified zinc-blende structure. Here we
focus on the states with odd parity, in the bulk and at the
Cd-terminated (112) surface. We have indicated with an arrow
in Fig. 2(f) the dispersion of the δ band. We immediately notice
that states with odd parity mainly contribute to the valence
band and only very weak intensity can be found above EF,
thus indicating that the upper part of the 3D Dirac cone would
escape detection with s-polarized photons.
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FIG. 3. (a)–(c) Band dispersion of Cd3As2 along the �K high-
symmetry direction, measured with p-polarized light for 24, 27.5, and
31 eV photon energy. (d) ARPES image of the data acquired at 31 eV
along with guidelines for the α (blue) and β (green) bands. (e) and (f)
calculated band dispersion for the zinc-blende model Hamiltonian.
The calculations show only states with even parity, in (e) the bulk and
(f) at the (112) surface.

In the following, we will discuss data acquired with p-
polarized photons, assessing the states with even parity. In par-
ticular, we turn our attention to the linearly dispersing α state
observed in Fig. 1(e). A similar sharp state has been reported
by previous ARPES studies of Cd3As2 [9,10]. However, the
dimensionality of this linearly dispersing band is still unclear.
In fact, the previous studies only reported the presence/absence
of α at different photon energies [9,10]. The presence of
a Dirac point along the �Z high-symmetry direction was
supported by the lack of a well-defined kz periodicity [9].
To correctly address the character of this state, we have
investigated its photon energy dependence. Figure 3 shows
the band dispersion along �K for selected photon energies
(24.0, 27.5, and 31.0 eV). The α state linearly disperses across
EF over the investigated photon energy range of 20–34 eV.
The band disperses linearly with v ∼ (6.5 ± 1) × 105 m/s and
it forms a Dirac point, located ∼0.03 ± 0.01 eV below EF,
indicated with red lines in Figs. 3(a)–3(c). Our data do not
reveal any signature of kz dispersion in the α state, which thus
is ascribed to a 2D surface Dirac fermion band.

The observation of a linearly dispersing surface state is
supported by our theoretical calculations, shown in Figs. 3(e)
and 3(f) for the even-parity states in the bulk and at the
(112) surface. The dispersion of α is well reproduced by
our model Hamiltonian for the surface termination, Fig. 3(f).

The existence of a surface Dirac particle was proposed also
by Yi and co-workers [11], in agreement with theoretical
predictions [7]. Thanks to our capability to distinguish states
with different parities, our data further extends previous results
by disentangling the dispersion of the surface state α from
that of the bulk state δ. Furthermore, in p polarization we
resolve a second state dispersing across EF, β. Figure 3(d)
reports the data acquired at a photon energy of 31.0 eV, with
blue and green lines indicating the dispersion of α and β,
respectively. The latter exhibits also very weak kz dispersion
[see Figs. 3(a)–3(c)]. The theoretical calculations shown in
Fig. 3(e) indicate that β is a bulk state. The bulk nature of β may
also explain its spectral broadening. As a matter of fact, while
α is sharp and well defined over the investigated photon energy
range, β appears blurred, similarly to the bulk δ state. We
propose that, in comparison to δ, the weaker kz dispersion of β

reflects its larger effective mass. This is supported by the direct
comparison between the in-plane effective masses. Along �K ,
β is well approximated by a parabolic dispersion with m∗ ∼
1.58me ± 0.05me, shown by the green line in Fig. 3(d). This
value is almost seven times larger than the corresponding one
estimated for δ. Hence, we argue that β might play the role of
the flat heavy-hole band expected in the Bodnar-Kane model,
which was proposed by optical experiments under magnetic
field to provide a better description for the low-energy band
structure of Cd3As2 [18].

Finally, experimentally we notice that β reaches its maxi-
mum ∼0.04 ± 0.01 eV above EF. Also the δ band is found to
disperse above EF, while the Dirac point of α is located below
EF. These fine details of the material band structure cannot
be fully captured by the model Hamiltonian, but they indicate
that the charge neutrality points for the surface and bulk states
are not degenerate. Interestingly, we observe the ambipolar
character of the charge carrier: electrons in the surface state α

and holes in the bulk states β and δ. However, this finding can
be proven only in the surface region, due to the ARPES surface
sensitivity.

A precise estimation of the material doping from ARPES
measurements is hampered by the evolution of the Fermi level
within the band structure, which was unnoticed in the previous
ARPES studies [8–12]. Figure 4 summarizes this effect, and
the capability to tune the surface doping via deposition of
alkali-metal atoms. The data corresponds to the �K direction
measured with p-polarized photons at 25.0 eV. Figure 4(a)
shows that the surface Dirac cone α is strongly n-doped in the
freshly cleaved surface, and the Dirac point is located 200 meV
below EF, in agreement with other ARPES studies [9,10,12].
Figures 4(b) and 4(c) display the evolution of the chemical
potential after 30 min and 2 h, respectively.

Upon K deposition, the bands are shifted back at larger
binding energy, Fig. 4(d). However, this surface doping is
not stable and a tendency to p-type doping persists in time,
as reported in Figs. 4(e) and 4(f). The same effect is visible
also after a second K deposition [see Figs. 4(g)–4(i). The
evolution of the chemical potential has been investigated
only with horizontal polarization, and we did not resolve
different behaviors for the bulk and surface states. However,
Figs. 4(a)–4(c) show that the contrast between the α and
β states evolves with time and the bulk β band is more
visible at the aged surface, Fig. 4(c). The evolution of the
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FIG. 4. (a)–(c) Evolution of the chemical potential of Cd3As2

along the �K high-symmetry direction, measured with p-polarized
light at 25 eV for (a) the freshly cleaved surface, (b) after 30 min,
and (c) after 2 h. (d)–(f) ARPES images after the first K deposition;
the bands are initially shifted toward larger binding energy (d) but
with time the system experiences a tendency to p-type doping. (g)–(i)
Similar ARPES images after a second K deposition.

band structure upon alkali-metal deposition onto Cd3As2 was
already reported in a previous ARPES study [12]. However, we

stress that our results of Fig. 3 clearly show that the linearly
dispersing α is a surface state, and its surface character is not
a consequence of the K deposition, in contrast with previous
conclusions [12].

IV. CONCLUSIONS

In summary, herein we have reinvestigated the band struc-
ture of Cd3As2 by combining theoretical calculations and
polarization- and photon-energy-dependent ARPES measure-
ments of the (112) surface termination. By varying the light
polarization we selectively probe states with odd and even
parities, thus resolving the dispersion of three different states
across the Fermi level. The states exhibit different dispersion as
a function of the incoming photon energy. We observe a sharp
n-doped Dirac cone with no kz dispersion, which we interpret
as a 2D surface Dirac fermion band in agreement with a similar
finding [11]. Furthermore, we reveal the dispersion of two bulk
states, characterized by different parities and effective masses.
In addition, we provide evidence for the evolution of the chem-
ical potential within the band structure, as a function of time.

We believe that our results help in clarifying the band
dispersion of Cd3As2, a compound widely considered among
the few materials realizing the 3D DSM. However, our study
shows that the description in terms of 3D DSM is simplistic,
and a more realistic model has to be adopted to account for the
presence of multiple states crossing EF with different effective
masses and all contributing to the charge transport properties.
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