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We report the quantum transport properties of Cd;As, single crystals in a magnetic field. A large linear
quantum magnetoresistance is observed near room temperature. With decreasing temperature, the
Shubnikov—de Haas oscillations appear in both the longitudinal resistance R,, and the transverse Hall
resistance R,,. From the strong oscillatory component AR, a linear dependence of the Landau index n on
1/B is obtained, and it gives an n-axis intercept between 1/2 and 5/8. This clearly reveals a nontrivial 7
Berry’s phase, which is a distinguished feature of Dirac fermions. Our quantum transport results provide
bulk evidence for the existence of a three-dimensional Dirac semimetal phase in Cd;As,.
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Dirac materials whose excitations obey a relativistic
Dirac-like equation have been widely studied in recent
years, represented by graphene and topological insulators
[1-3]. The Dirac fermions in graphene and the surfaces of
topological insulators are two dimensional (2D). In bulk
Bi;_,Sb,, a three-dimensional (3D) Dirac point can be
realized by finely tuning x, when a topological phase
transition occurs [4-7]. However, this 3D Dirac point
coexists with additional Fermi surfaces [5]. More recently,
a 3D Dirac semimetal has been theoretically predicted, with
examples of BiO,, A;Bi (A = Na, K, Rb), Cd;As,, and
some distorted spinels [8—11], in which the Fermi surface
only consists of 3D Dirac points with linear energy
dispersion in any momentum direction. The 3D Dirac
point, where two Weyl points overlap in momentum space,
is protected by crystal symmetry [8—11]. By symmetry
breaking, this 3D Dirac semimetal can be driven to a
topological insulator or Weyl semimetal [10]. The quantum
spin Hall effect may be observed in its quantum-well
structure and topological superconductivity may be
achieved by carrier doping [10]. Since it is a 3D analogue
to graphene, the 3D Dirac semimetal could be important for
future device applications.

Following these predictions, angle-resolved photoemis-
sion spectroscopy (ARPES) experiments were carried out
on NazBi and Cd;As, single crystals to probe the novel
electronic structure [12—-16]. Amazingly, two bulk 3D Dirac
points were observed in both compounds, which locate on
the opposite sides of the Brillouin zone center point I" along
k. [12-16]. Recent scanning tunneling microscopy (STM)
measurements on a CdyAs, single crystal also support the
existence of 3D Dirac points [17].

The bulk quantum transport measurement is another
important tool to detect Dirac fermions. Because of their
linear energy dispersion, the massless Dirac fermions should
manifest a characteristic linear quantum magnetoresistance
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(MR) at the quantum limit, where all of the carriers occupy
the lowest Landau level [18]. This has been previously
examined for f-Ag,Te [19,20], multilayer epitaxial gra-
phene [21], and topological insulators [22-25]. Such a linear
quantum MR was also predicted in Cd;As,, even up to room
temperature [10]. Another distinguished feature of Dirac
fermions is the nontrivial 7 Berry’s phase, which results from
their cyclotron motion [26-29]. It is a geometrical phase
factor, acquired when an electron circles a Dirac point. This
Berry’s phase can be experimentally accessed by analyzing
the Shubnikov—de Haas (SdH) oscillations, which has been
widely employed in studies of graphene [28,29], StMnBi,
[30], topological insulators [22,24,31,32], and the Rashba
semiconductor BiTel [33].

In this Letter, we present the longitudinal resistance and
transverse Hall resistance measurements on Cd;As, single
crystals in a magnetic field. A large linear MR is observed
near room temperature. By analyzing the SdH oscillations
of longitudinal resistance at low temperature, a nontrivial z
Berry’s phase is revealed. This is bulk evidence for the
existence of a 3D Dirac semimetal phase in Cd;As,,
complementary to previous ARPES and STM experiments.

The CdsAs, single crystals were grown from Cd flux
with the starting composition Cd:As = 8:3, as described
in Ref. [34]. The Cd and As powders were put in an
alumina crucible after sufficient grinding. The alumina
crucible was placed in an iron crucible, which was then
sealed in argon atmosphere. The iron crucible was heated to
825 °C and kept for 24 hours, then slowly cooled down to
425°C at 6 °C/hour. After the alumina crucible was taken
out, the excess Cd flux was removed by centrifuging in a
quartz tube at 425°C. The largest natural surface of the
obtained Cd;As, single crystals was determined to be the
(112) plane by x-ray diffraction, with typical dimension of
2.0 x 2.0 mm?. The quality of the Cd;As, single crystals
was further checked by the x-ray rocking curve, shown in
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the inset of Fig. 1(a). The full width at half maximum
(FWHM) is only 0.08°, indicating the high quality of the
single crystals. The sample was cut and polished to a bar
shape, with 1.70 x 0.78 mm? in the (112) plane and a
0.20 mm thickness. A standard six-probe method was used
for both the longitudinal resistivity and transverse Hall
resistance measurements. A magnetic field was applied
perpendicular to the (112) plane up to 14.5 T.

Figure 1(a) shows the temperature dependence of the
longitudinal resistivity p,, at zero magnetic field for a
Cd;As, single crystal. Below 10 K the curve is very flat,
extrapolating to a residual resistivity p,,o =~ 28.2 uQcm.
Figure 1(b) presents the Hall resistance R,, as a function
of magnetic field at various temperatures. The negative
slope of R,, means that the dominant charge carriers in
Cd;As, are electrons, and the carrier concentration n, &
5.3 x 10'® cm™ is estimated from the low-field slope. We
evaluate the carrier mobility at 1.5 K as u(1.5 K) =1/
n.pe(1.5 K)e & 4.1 x 10* cm?/Vs, where p,.(1.5K) =
28.2 uQcmand e = 1.6 x 107! C. The low concentration
and high mobility of charge carriers in Cd;As, are well
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FIG. 1 (color online). (a) The longitudinal resistivity of a
Cd;As, single crystal in zero magnetic field, with current in
the (112) plane. A typical x-ray rocking curve of the (224) Bragg
peak is shown in the inset. (b) The Hall resistance R, at 200, 100,
50, and 1.5 K. There are clear oscillations of R,, at 1.5 K, as
seen in the inset. (¢) The Shubinikov—de Haas oscillations of
longitudinal magnetoresistance (MR) at various temperatures,
with the field perpendicular to the (112) plane. At 280 K, the
MR is roughly linear without saturation, as high as 200% at
B =145 T. At 1.5 K, the oscillations appear at a field as low as
2 T, reflecting the high mobility of charge carriers in Cd;As,.

known from early transport studies [35,36] and recent
ARPES experiments [14-16].

In Fig. 1(b), there are clear oscillations of R,, at 1.5 K.
R, shows even more pronounced SdH oscillations, as can
be seen from the longitudinal MR in Fig. 1(c). The MR is
defined by MR = [R,,(B) — R,(0 T)]/R,(0 T) x 100%.
At 280 K, the MR shows no sign of saturation in high field,
as high as 200% at 14.5 T. Previously, the MR of Cd;As,
single crystals was measured up to 3.1 T at 77 and 300 K by
Radautsan et al. [37]. They observed MR ~ 16% at 3.1 T
and 300 K, which is lower than the value MR ~ 27% at
3.1 T and 280 K in Fig. 1(c). Above 3 T, the MR of our
Cd;As, single crystal is quite linear, which is consistent
with the theoretical prediction [10]. However, the quantum
limit required in Ref. [10] is actually not reached in our
sample, since there is clearly more than one Landau level
occupied in our field range, as will be seen in Fig. 2(a).
Similar situations exist in multilayer epitaxial graphene
[21] and the topological insulators Bi,Se; and Bi,Tes
[22,24,25]. To understand the physical origin of the linear
MR without reaching the quantum limit, further theoretical
studies are highly desired. Nevertheless, this large room-
temperature linear MR is quite unusual. If its magnitude
can be further enhanced, Cd;As, may be useful for
practical applications in magnetic random access memory
and magnetic sensors.

With decreasing temperature, the MR increases dramati-
cally. At 1.5 K, the MR oscillations can be tracked down
to a field as low as B ~ 2 T, reflecting the high mobility of
the charge carriers. In Fig. 2(a), we show the oscillatory
component of AR, versus 1/B at various temperatures
after subtracting a smooth background. They are periodic
in 1/B, as expected from the successive emptying of the
Landau levels when the magnetic field is increased. A
single oscillation frequency F' = 58.3 T is identified from
fast Fourier transform spectra, which corresponds to
A(1/B) = 0.0171 T~!. According to the Onsager relation
F = (®y/27n%)Ap, the cross-sectional area of the Fermi
surface normal to the field is Ay = 5.6 x 107> A=, By
assuming a circular cross section, a very small Fermi
momentum kr ~ 0.042 A~! is estimated. This result is in
good agreement with a recent ARPES experiment, which
shows that the Fermi surface of Cd;As, consists of two tiny
ellipsoids or almost spheres with ky =~ 0.04 A~1[16]. Note
that these two ellipsoids are equivalent; therefore, there
should be only one oscillation frequency F, as we observed.
From another ARPES study on a Cd;As, single crystal
with a comparable carrier concentration, the distance
between the Dirac point and the high-symmetry I' point
is about 0.15 A~!' [15]. Such a value is much larger than
our kr, which means that our sample is not close to the
Lifshitz transition (i.e., the Fermi level reaches the valence
band top).

The SdH oscillation amplitude can be described by the
Lifshitz-Kosevich formula [33,38]

246402-2



PRL 113, 246402 (2014)

PHYSICAL REVIEW LETTERS

week ending
12 DECEMBER 2014

3 T T T T T T T T T
s (a)
2+ i
r — 15K
—~ 1r i —— 5K A
G | — 15K
: AAn
vx O v u ) V
-1+ 8 9 — 50K -4
i 7 —— 100K
2l 6 —— 200K |
in=5
-3 s 1 s 1 s 1 s 1 s
0.05 0.10 0.15 0.20 0.25 0.30
1UB(T")
1'0 T T T T T i
(b)
0.8+ m* = 0.044m0 E
2
©
= 06 ]
EX
~x 04 E
\q
<
0.2+ LLn=6 E
0.0 N | N | N | N | N |
0 10 20 30 40 50

FIG. 2 (color online). (a) The oscillatory component AR,,,
extracted from R,, by subtracting a smooth background, as a
function of 1/B at various temperatures. A single oscillation
frequency F =58.3 T is identified from fast Fourier trans-
form spectra. (b) The temperature dependence of the relative
amplitude of AR, for the sixth Landau level. The solid line is a
fit to the Lifshitz-Kosevich formula, from which we get the
cyclotron effective mass m* =~ 0.044m, and Fermi velocity
vp~ 1.1 x10% m/s.
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where w, is the cyclotron frequency and T, is the Dingle
temperature. 2z is the Berry’s phase, which will be
discussed later. Figure 2(b) plots the temperature depend-
ence of the normalized oscillation amplitude at 1/B =
0.0928 T-!, which corresponds to the sixth Landau level.
The energy gap hw, can be obtained from the thermal
damping factor Ry = (22%kT/hw./ sinh(2z*kg T/ hw,)).
The solid line in Fig. 2(b) is the best fit to the data, which
yields Aw.(n = 6) ~24.6 meV. For a Dirac system, the
cyclotron frequency w, follows a square root dependence
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FIG. 3 (color online). (a) The high-field oscillatory components
AR, and AR, at 1.5 K. The AR, oscillations are phase shifted
approximately by 90° with respect to the AR, oscillations for the
low Landau levels. No Landau level splitting is observed in our
field range. (b) Landau index n plotted against 1/B. The closed
circles denote the integer index (AR,, valley), and the open
circles indicate the half integer index (AR, peak). The index plot
can be linearly fitted, giving the intercept 0.58 £ 0.01. The
measurements of another single crystal labeled as sample B
(see the Supplemental Material [39]) give a similar intercept
0.56 + 0.03. From the inset, both intercepts of AR, lie between
p and B+ 1/8(p = 1/2), which is strong evidence for a non-
trivial 7 Berry’s phase of 3D Dirac fermions in Cd;As,.

on the magnetic field. By employing E,, = vpv/2efinB and
vp = hkp/m*, arather small cyclotron effective mass m* =~
0.044m,, and a very large Fermi velocity vy ~ 1.1 x 10° m/s
are obtained. This value of vy is very close to the ARPES
result ~1.5 x 10° m/s in Ref. [15]. Such a large Fermi
velocity may explain the unusual high mobility in Cd;As,.

Figure 3(a) plots together the oscillatory components
AR, and AR, at the lowest temperature 7' = 1.5 K. There
are two clear features. First, the Any oscillations are phase
shifted approximately by 90° with respect to the AR,
oscillations for the low Landau levels, as expected [24].
Secondly, no Landau level splitting is observed in our
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field range (n > 5). This is consistent with a recent STM
experiment, in which the Landau level splitting was only
observed for n <4 [17]. Figure 3(b) is the Landau index
plot, n versus 1/B, for AR,,. We assign integer indices to
the AR, valley positions in 1/B and half integer indices to
the AR, peak positions. According to the Lifshitz-Onsager
quantization rule Ap(h/eB) =2n(n+1/2+4 f+6), the
Landau index n is linearly dependent on 1/B. 2zf is the
Berry’s phase, and 276 is an additional phase shift resulting
from the curvature of the Fermi surface in the third
direction [33]. 6 changes from O for a quasi-2D cylindrical
Fermi surface to +1/8 for a corrugated 3D Fermi surface
[33]. Our data points in Fig. 3(b) fall into a very straight
line, and the linear extrapolation gives an intercept
0.58 £0.01. We also measured another Cd;As, single
crystal with less pronounced SdH oscillations (see the
Supplemental Material for details [39]), and the linear
extrapolation gives nearly the same intercept 0.56 + 0.03,
shown in Fig. 3(b).

In the trivial parabolic dispersion case such as that
involving conventional metals, the Berry’s phase 2zf
should be zero. For Dirac systems with linear dispersion,
there should be a nontrivial z Berry’s phase (# = 1/2). This
7 Berry’s phase has been clearly observed in 2D graphene
[28,29], and in bulk StMnBi, in which highly anisotropic
Dirac fermions reside in the 2D Bi square net [30]. For
topological insulators Bi,Se; and Bi,Te; with gapless 2D
Dirac fermions at their surfaces, the search for the 7 Berry’s
phase was complicated by large Zeeman energy effects and
bulk conduction [22,24,31,32]. The bulk Rashba semi-
conductor BiTel also possesses a Dirac point and provides
an alternative path to realizing the nontrivial 7 Berry’s
phase, which was indeed experimentally detected [33].
The intercept 0.58 £ 0.01 obtained in Fig. 3(b) clearly
reveals the z Berry’s phase, and thus provides strong
evidence for the existence of Dirac fermions in Cd;As,.
The slight deviation from £ = 1/2 indicates an additional
phase shift 6 ~ 0.08, which may result from the 3D nature
of the system [33]. Complementary to previous ARPES and
STM experiments [14—17], our bulk transport measure-
ments confirm the 3D Dirac semimetal phase in Cd;As,.

In summary, we have performed bulk transport mea-
surements on single crystals of the proposed 3D Dirac
semimetal Cd;As,. A large linear quantum magnetoresist-
ance is observed near room temperature. By analyzing the
Shubnikov—de Haas oscillations of longitudinal resistance
at low temperature, a nontrivial z Berry’s phase with a
small phase shift is obtained, which provides bulk quantum
transport evidence for the existence of a 3D Dirac semi-
metal phase in Cd;As,. With its unique electronic structure,
unusual high mobility, and large room-temperature linear
magnetoresistance, the 3D Dirac semimetal Cd;As, may
open new avenues for future device applications.
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