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Breakdown of three-dimensional Dirac semimetal state in pressurized Cd3As2
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We report an observation of a pressure-induced breakdown of the three-dimensional Dirac semimetal (3D-
DSM) state in Cd3As2, evidenced by a series of in situ high-pressure synchrotron x-ray diffraction and single-
crystal transport measurements. We find that Cd3As2 undergoes a structural phase transition from a metallic
tetragonal phase in space group I41/acd to a semiconducting monoclinic phase in space group P 21/c at critical
pressure 2.57 GPa; above this pressure, an activation energy gap appears, accompanied by distinct switches in
Hall resistivity slope and electron mobility. These changes of crystal symmetry and corresponding transport
properties manifest the breakdown of the 3DDSM state in pressurized Cd3As2.
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Three-dimensional Dirac semimetals (3DDSMs) are a
new class of materials having nontrivial topology in their
electronic states, featured by 3D Dirac points in the bulk
and Fermi arcs on the surfaces [1–4]. These intriguing states
predicted by theorists have been identified experimentally in
real materials. Cd3As2 and Na3Bi are the materials with such
a unique electronic structure [5–11]. Their conduction and
valence bands contact at 3D Dirac points in momentum space
where Dirac fermions disperse linearly along all momentum
directions, resulting in the band gap closing in the bulk.
Consistent within this picture, Cd3As2 has high mobilities for
electrons in bulk crystals [12–19], so that it is expected to be
a promising candidate in device applications [20,21].

Similar to topological insulators, the 3DDSM state is
protected by either time reversal symmetry (TRS) or crystal
rotational symmetry (CRS) along the z axis [1,2,22–27]. On
the breaking of TRS or CRS, the 3DDSM state may be tuned
into a variety of quantum states with interesting physical
properties [27–32]. The tuning effect may be realized by either
applying pressure or chemical doping. Of these two ways,
pressure is an ideal method for finely tuning a system from
one state to another without introducing chemical complexity;
therefore the behavior of 3D-DSMs under pressure is of
current research interest. In this study, we demonstrate that the
pressure-induced alternation of CRS leads to the breakdown
of the 3DDSM state in single-crystal Cd3As2, and we show
how the transport properties change correspondingly.

High-quality single crystals of Cd3As2 were grown by the
flux method, as described in Ref. [33]. Pressure was generated
by a diamond anvil cell (DAC) with two opposing anvils sitting
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on a Be-Cu supporting plate. Diamond anvils with 500- and
300-μm flats were used for this study. A nonmagnetic rhenium
gasket with 200- and 100-μm-diameter holes was used for dif-
ferent runs of the high-pressure studies. The four-probe method
was applied in the (112) cleavage plane of a single crystal
of Cd3As2 for all high-pressure transport measurements. To
keep the sample in a quasihydrostatic pressure environment,
NaCl powder was employed as the pressure medium for
the high-pressure resistance and Hall measurements. The
high-pressure heat capacity (Cac) of Cd3As2 was derived
from ac calorimetry [34,35]. High-pressure x-ray diffraction
(XRD) experiments were performed at beam line 15U at the
Shanghai Synchrotron Radiation Facility and at beam line
4W2 at the Beijing Synchrotron Radiation Facility. Diamonds
with low birefringence were selected for the experiments. A
monochromatic x-ray beam with a wavelength of 0.6199 Å
was adopted for all measurements. Pressure was determined
by the ruby fluorescence method [36].

We first performed high-pressure powder x-ray diffraction
measurements to detect the structural stability of Cd3As2 under
pressure, because the 3DDSM state is protected by the CRS
along the z axis [1,2,27,31]. As shown in Fig. 1(a), Cd3As2 has
a tetragonal unit cell in the tetragonal I41/acd space group at
ambient pressure, as reported in Ref. [33]. Applying pressure
up to 2.42 GPa, no new peaks appear over the range of 2θ

angles studied. Instead, pressure shifts each Bragg peak to
a higher angle, reflecting a continuous reduction of the d

spacing in the tetragonal (T ) phase. By pressures of ∼3.78 GPa
and above, a set of new diffraction peaks is clearly visible,
demonstrating that the ambient-pressure crystal symmetry is
destroyed and a different crystal structure is present at high
pressures. High-pressure resistance measurements indicate
that the precise critical pressure for the phase transition is
2.57 GPa [Fig. 1(b)]. To trace the stability of the two phases (T
phase and new high-pressure phase) as temperature changes,
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FIG. 1. (Color online) (a) X-ray powder diffraction patterns of Cd3As2 at various pressures at room temperature. The data below 2.42 GPa
can be indexed well as the tetragonal (T ) phase in space group I41/acd (as indicated by short black lines), while on increasing pressure to
3.78 GPa and above, the data show a set of new peaks, indicating a phase transition from the T phase to the high-pressure phase. (b) Pressure
dependence of electrical resistance for single-crystal Cd3As2. The onset pressure of the transition is located at 2.57 GPa. (c) Temperature
dependence of the heat capacity of a single crystal of Cd3As2 at 2.3 and 4.1 GPa. The heat capacity measured at different pressures decreases
smoothly with decreasing temperature, demonstrating that no structural phase transitions occur in the temperature range of 4–295 K. The inset
shows the heat capacity as a function of temperature measured at ambient pressure, which is in good agreement with the results of Ref. [42].
(d) Powder XRD data for Cd3As2 measured at 6.38 GPa, showing that the high-pressure phase is the monoclinic one in space group P 21/c.
(e) Three-dimensional structure of monoclinic phase.

we performed high-pressure specific heat measurements at 2.3
and 4.1 GPa, respectively. We find that, once formed, both the
T phase and the new high-pressure phase are stable under the
temperatures ranging from 300 to 4 K [Fig. 1(c)].

Years ago, the pressure-induced structural phase transition
in Cd3As2 was studied by x-ray diffraction camera (XRDC)
[37] and differential thermal analysis (DTA) [38], respectively.
The XRDC measurements showed that Cd3As2 transforms into
a trigonal structure in space group P 3̄m1 at pressures near
2.5 GPa [37], while the DTA results proposed that Cd3As2

undergoes a crystal phase transition at ∼1.7 GPa but no
XRD data are provided [38]. However, as shown in Fig. 1(d),
most of our x-ray diffraction peaks of the pressurized Cd3As2

phase (the peak positions are indicated by short green lines)

do not come close to the peak positions calculated from the
proposed trigonal symmetry cell (as indicated by short black
lines) [37]. We thus do the refinements for the high-pressure
x-ray diffraction data and find that the high-pressure phase is
monoclinic (M) in space group P 21/c [Figs. 1(d) and 1(e)].
The pressure dependence of lattice parameters in the T and M

phases can be found in Fig. S1 (Supplemental Material [39]).
The obtained results indicate that pressure induces a change of
CRS from a space group based on fourfold rotational symmetry
to the one based on twofold rotational symmetry.

High-pressure transport measurements reveal details of
the property changes before and after the crystal structure
phase transition. Figure 2 shows the temperature-dependent
resistance at different pressures. As can be seen, pressure
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FIG. 2. (Color online)
Temperature dependence of electrical
resistance for single-crystal Cd3As2

at different pressures. The inset of
Fig. 2(b) displays the activation energy
gap εA as a function of pressure.
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FIG. 3. (Color online) (a),(b) Hall
resistance (RXY ) as a function of mag-
netic field for single-crystal Cd3As2 at
different pressures. (c),(d) dRXY /dH

and RXY as a function of pressure,
showing the dramatic drop in dRXY /dH

and RXY (at a field of 2 T) at 4 K near
the transition from the Dirac semimetal
to high-pressure semiconducting phase.
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destabilizes the metallic behavior of Cd3As2, converting the
sample from its ambient pressure metallic behavior to semi-
conducting behavior between 2.45 and 3.99 GPa [Fig. 2(a)].
The change from metallic to semiconducting state lies in
the pressure range of the T -M phase transition. On further
increasing pressure, the semiconducting behavior becomes
pronounced [Fig. 2(b)]. We estimate the activation energy
gap (εA) for the excitation of charge carriers as a function
of pressure, on the basis of the Arrhenius equation ρ ∼
exp(εA/2kBT ) [inset of Fig. 2(b)]. The εA opens at 3.99
GPa (εA = 13.5 meV) in the M phase and increases rapidly
with pressure. This phenomenon is in stark contrast to the
common picture that pressure usually drives an insulator (or
semiconductor) into a metal due to the band broadening, which
leads us to expect that the semimetal Cd3As2, after undergoing
a structure phase transition under pressure, will be more
metallic. This unusual pressure effect on Cd3As2 demonstrates
the uncommon characteristic of its electron structure, which
should be stemmed from its unique topological semimetal
state protected by CRS. The gap opening found in this study
gives strong support for the position that the pressure-induced
change of CRS splits the bulk 3D Dirac points at the Fermi
level, namely the breakdown of the 3DDSM state.

We measured the Hall resistance (RXY ) as a function of
magnetic field at 4 K under pressure. Figures 3(a) and 3(b)
show the overall features of the RXY measured on the Cd3As2

single crystal in the field to 4 T for various pressures. We find
that RXY against magnetic field displays linear behavior both
in its T phase [12–14] and M phase. However, the RXY -H
curve takes on two distinct slopes: a large slope for the T

phase and a small slope for the M phase [Fig. 3(c)]. Around
the phase transition, the dRXY /dH drops by about 60%. The
switch in Hall resistance slope supports the conclusion that the
3DDSM state of Cd3As2 is destroyed with pressure because
the change of dRXY /dH corresponds to a change of band
structure [40]. The pressure dependence of RXY is plotted in
Fig. 3(d), which clearly illustrates the remarkable difference
of Hall resistance before and after the transition. The RXY

of the pressurized Cd3As2 drops by more than a factor of 3
when it turns into the high-pressure semiconducting phase.
These data are the supporting evidence for breakdown of the
3DDSM state in pressurized Cd3As2. Intriguingly, the RXY

measured at 2.09 GPa shows kinks in both the positive and the
negative directions of the magnetic field [Fig. 3(a)], a possible
indication of the presence of an intermediate electronic state
that may be of significant interest for further study.

It has been shown that one of the striking features of the
3DDSM is that the electron mobility is very high by virtue of
3D massless Dirac or Weyl fermions [12–18]. Experimentally,
the best way to identify the breakdown of the 3DDSM state
under pressure is to measure the pressure dependence of the
electron mobility. A remarkable drop in mobility should be
observed when the 3DDSM state is destroyed. To further
clarify this issue, we obtained the pressure-dependent electron
mobility of Ca3As2 (Fig. 4). We find that the mobility (μ)
of the sample in the tetragonal 3DDSM state has a relatively
high value, in good agreement with the values reported in the
literature[12,13,19,41], and is nearly pressure independent,
revealing that the charge carriers in the pressure range from
ambient pressure to 2.5 GPa are relatively massless. However,
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FIG. 4. (Color online) Pressure dependence of the electron mo-
bility of single-crystal Cd3As2 at different temperatures. The data
are derived from Hall measurements. The magnetic field is applied
perpendicular to the (112) plane, and the current is applied in the (112)
plane. The ambient-pressure electron mobility (μ) of the Cd3As2

sample employed is about 9.2 × 104 cm2/V s, in good agreement with
values reported [12–18]. The normalized μ of pressurized Cd3As2

is derived from the equation of μ = RH /ρ, where RH is the Hall
coefficient and ρ is resistivity.

a dramatic reduction in electron mobility is found at pressures
greater than 2.5 GPa; the mobility μ drops by about 74% at
3 GPa and by about 99% at 4 GPa. These results presented in
Fig. 4 are the further evidence of the breakdown of the 3DDSM
state in pressurized Cd3As2.

In summary, we find experimental evidence for a pressure-
induced breakdown of the 3DDSM state in Cd3As2 through
in situ high-pressure x-ray diffraction and transport measure-
ments. Our results demonstrate that external pressure leads
Cd3As2 to undergo a crystal structure phase transition from a
tetragonal phase in space group I41/acd to a monoclinic phase
in space group P 21/c, which turns it from a Dirac semimetal
into a semiconductor. This was characterized by the opening
of an activation energy gap and substantial changes in the
dRXY /dH slope and electron mobility. Further study on the
breakdown of the 3DDSM state in Cd3As2 under pressure will
be of significant interest.
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