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F.-T. Huang?, S.-T. Guo?, Sunil K. Karna?, M.-W. Chu?, W. L. Lee*, M.-T. Lin*®, R. Jayavel’,
V. Madhavan®, M. Z. Hasan39 & F. C. Chou?®**

The three dimensional (3D) Dirac semimetal is a new quantum state of matter that has attracted
much attention recently in physics and material science. Here, we report on the growth of large
plate-like single crystals of Cd,As, in two major orientations by a self-selecting vapor growth (SSVG)
method, and the optimum growth conditions have been experimentally determined. The crystalline
imperfections and electrical properties of the crystals were examined with transmission electron
microscopy (TEM), scanning tunneling microscopy (STM), and transport property measurements. This
SSVG method makes it possible to control the as-grown crystal compositions with excess Cd or As
leading to mobilities near 5-105 cm?V~*s~*. Zn-doping can effectively reduce the carrier density to
reach the maximum residual resistivity ratio (RRR=p,,/ps) of 7.6. A vacuum-cleaved single crystal
has been investigated using angle-resolved photoemission spectroscopy (ARPES) to reveal a single
Dirac cone near the center of the surface Brillouin zone with a binding energy of approximately

200 meV.

Cadmium arsenide (Cd,As,) is a degenerate n-type semiconductor of the II-V family with high mobility,
low effective mass, and a highly non-parabolic conduction band!. It exhibits an inverted band struc-
ture (optical energy gap E,<0) comparable to the strained topological insulator HgTe; however, the
conduction and valence bands touch at the Dirac nodes in the bulk band structure, giving rise to bulk
Dirac fermions featuring robust topologically protected linear dispersion in all three dimensions. These
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properties are all highly valued for potential applications* and may provide insight into the formation of
other exotic phases such as topological superconductors® and Weyl semimetals®.

Because of the unusual electrical properties of Cd;As,>®, namely the high carrier concentration of
2x 10" cm™3 coupled with a high mobility of >10,000cm?/V-s at room temperature’, it has been the
subject of many publications concerning its unique transport properties. Additionally, the electron and
hole effective masses are m;=0.016m, and m; =0.12m,, giving an estimated exciton Bohr radius of
~47nm. Thus, this material is expected to show extreme quantum confinement similar to that observed
in PbSe (exciton Bohr radius of ~45nm)™. Several optical and magneto-optical experiments have also
been reported'!~!*. For an adequate description of the energy dependent anisotropy of the cyclotron mass
and Shubnikov-de Haas (SdH) oscillation period, Bodnar"® proposed a band structure model of Cd,As,,
which is consistent with the available experimental data. However, the results of transport and optical
measurements have been interpreted within an isotropic Kane-type band model'®".

Topological insulators (TIs) are new quantum materials characterized by a bulk insulating gap and
gapless surface states protected by time reversal symmetry, which is realized by spin-orbit coupling
induced band inversion with an odd number of Dirac cones'®2°. Recently, the topological classifica-
tion of materials has been extended to higher dimension in the so-called three-dimensional topological
Dirac semimetal (TDS) phase??2. In contrast to TIs, the TDS phase exhibits linear dispersion in all
three dimensions and is protected by the crystalline symmetry. A TDS phase was predicted theoretically
in Na;Bi and Cd;As, materials*’?? and confirmed experimentally using angle-resolved photoemission
spectroscopy (ARPES)*?%. Note that these TDS phases may be a new type of 3D-Dirac semimetal due
to the lack of inversion symmetry, which causes the lifting of the spin degeneracy of certain bands in
the vicinity of the Dirac point, thereby raising the possibility of realizing the Weyl semimetal phase?"*2.

The growth and characterization of these semimetals has recently generated much attention. Cd,As,
growth from the vapor phase has been previously reported with limited sizes®~?, including growth
under a hydrogen gas flow?*. In addition, although Cd;As, melts at 721 °C, it undergoes a phase change
between 578°C and 615°C*-*2, and a consequent expansion on cooling. Therefore, growing Cd;As, from
the vapor phase at a temperature below the solid-solid phase transition temperature is desirable to avoid
cracking of the crystals on cooling. In this work, we present a detailed report on the self-selecting vapor
growth (SSVG) technique [Fig. 1(a)] of crystal growth and characterization of large-size and high quality
single crystals of Cd;As,. In particular, we have successfully generated crystals containing two types of
self-selected large facets, namely the (112) and (even 00) orientations [Fig. 1(b)]. Our study will be useful
toward achieving the stable electronic phase and the Weyl semimetal phases in TDS.

Results and Discussions

The x-ray diffraction patterns were analyzed using the General Structure Analysis System (GSAS) pro-
gram following the Rietveld profile refining method*. Figure 2 shows the x-ray diffraction (XRD) pattern
of the as-grown sample and the refined synchrotron x-ray diffraction pattern following the Rietveld
profile method. It can be seen that all of the diffraction peaks can be indexed with the I4,cd space group
which is in agreement with recent reports by H. Yi et al.** The Rietveld refinement on the XRD pattern
yields lattice constants of a=12.6512(3) A and c=25.4435(4) A. The refined structural parameters of
the Cd;As, with I4,cd space group obtained at 300K by synchrotron x-ray diffraction analysis are sum-
marized in Table 1. In addition, the detailed characterization of Cd;As, single crystal with 14,/acd
space group as described in the supplementary section from Figures S1-S5. The crystal structure of
Cd;As, has been shown to be complex, depending strongly on the growth temperature and quenching
rate®. The published phase diagram indicates that more than four different symmetries can be identified
as the sample is quenched or slowly cooled from different temperature ranges, from the high symmetry
fce structure of space group Fm 3m (No. 225) quenched above 721°C, to the low symmetry tetragonal
structure of space group I4;cd (No. 110) after slow cooling. Cd;As, can be viewed as a large stacked
fluorite-type unit cell with ordered Cd vacancies.

Depending on the growth conditions, there have been two different space groups assigned to the crys-
tals obtained from slow cooling: the noncentrosymmetric 14,cd and the 14,/acd with centrosymmery?s?’.
The 14,cd and 14,/acd symmetry difference is a reflection of the different ordering types of CdAs, tetrahe-
dral unit packed in a large unit cell of stacked fluorite-like structure with vacancies. The crystal of 14,/acd
space group has a morphology of needle-shape [Figs S1 and S2] along the <110> direction®*%, which
is grown mostly near the high temperature 575 °C region of sharper thermal gradient in whisker-like
growth. As a result, needle crystal of I4,/acd symmetry is expected to show much less defect comparing
to that of I14;cd symmetry with large (112) area of plate-like morphology. On the other hand, because
the needle crystal of 14,/acd (No. 142) space group has an unexpected high symmetry, even higher than
the intermediate temperature quenched phase of P4,/nmc (No. 137)%, the unique morphology of needle
growth could be responsible for the sustaining I4,/acd space group with centrosymmetry. The stable
growth of large crystal of space group I4,cd allows the plate-like growth morphology [Fig. 1(b)] of (112)
plane as a result of preferable pseudo-hexagonal close packing when ¢~ 2a, which could be the reason
why noncentrosymmetry is tolerated. The Cd;As, crystal structure studied in this report can be satisfac-
torily indexed with the 14,cd space group. Figure 3 shows the I4,cd crystal structure with two different
planes highlighted in red. The (112) plane, shown in panel (a), exhibits pseudo-hexagonal close-packing
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Figure 1. (a) Cross-sectional side view of an alumina furnace used for self-selecting vapor growth of a
Cd;As, single crystal. The positions of the ampoule in which transport takes place and the temperature
profile of the furnace for Cd;As, growth are shown. (b) Cd;As, single crystals grown by the self-selecting
vapor growth (SSVG) method. The larger facets are (112) and (even 0 0) planes, respectively.

because c~2a in the large tetragonal unit cell, and the (even 0 0) plane is shown in rectangular shape
in panel (b).

Figure 4(a—c) shows a series of selected area electron diffraction (SAED) patterns taken on a Cd;As,
single crystal. Tetragonal lattice of space group I4,cd is used to index all diffraction spots in Fig. 4a. The
observation of (110) spots (yellow circle in Fig. 4a), which are symmetry-forbidden reflections to the
I4,/acd (extinction condition of hk0: h and k both even) space group, gives a direct evidence for the
satisfactory assignment of I4,cd space group. Notably, Cd;As, was sensitive to the beam irradiation and
all patterns were taken with only a relatively low exposure to the electron beam.

ARPES measurements for the low-energy electronic structure investigation were performed at Beam
Line 4.0.3 at the Advanced Light Source in Berkeley, California, which is equipped with a high-efficiency
R8000 electron analyzer. The energy and momentum resolutions were better than 40 meV and 1% of the
surface BZ, respectively. The samples were cleaved in situ and measured at 10-80K in a vacuum better
than 107'° torr. The crystals were found to be very stable and exhibited no degradation for the typical
measurement period of 20h. Figure 5(a) shows the core level spectroscopic measurement of the Cd;As,
sample. Sharp XPS peaks at binding energies of Ez~11eV and 41eV that correspond to the cadmium
4d and the arsenic 3d core levels were observed, confirming the correct chemical composition of our
samples. Figure 5(b) shows an ARPES dispersion map in the 800meV binding energy window, where
the dispersion of several bands can be identified. Remarkably, a low-lying small feature that crosses the
Fermi level is observed, which corresponds to the surface bands of Cd;As,?>?. It is important to note that
the linearly dispersive upper Dirac cone is located at the surface Brillouin zone center and that the Dirac
point is found at a binding energy of 200meV, consistent with earlier reports?****°. Our spectroscopic
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Figure 2. Powder X-ray diffraction pattern of the Cd;As, sample (red crosses) and its Rietveld
refinement (green curve). The inset shows the obtained diffraction patterns of single crystals with facets of
preferred orientations along the <112> and <even 0 0> directions.

cdi 0.3557 0.1205 0.0613 16b 241 (5) 1.000
cd2 0.1183 0.3581 0.0524 16b 1.78 (3) 0.996 (2)
Cd3 0.3934 0.3934 0.0726 16b 2.29 (4) 1.002 (1)
Cd4 0.1089 0.1057 0.1774 16b 2.15 (2) 1.005 (2)
cds 0.3795 0.1494 0.1896 16b 1.89 (3) 0.997 (3)
cdé 0.1414 0.3795 0.1966 16b 2.14 (2) 1.001 (2)
Asl 0 0 0 8a 1.77 (4) 0.997 (3)
As2 0 0 0.2495 Sa 2.04 3) 1.003 (4)
As3 0.0074 0.2548 0.1236 16b 2.36 (4) 0.999 (2)
As4 0.248 —0.0059 0.1254 16b 1.71 (5) 1.004 (2)
As5 0.2586 0.2395 0 16b 222 (3) 0.998 (3)

Table 1. Lists of refined structural parameters of the Cd;As, sample at 300 K, where B;, represents the
isotropic temperature parameter. x>= 5.854, R, = 6.92%, R,,,= 8.12%.

sample characterization shows a linear dispersive band, thus confirming the high quality of the sample
used in our measurements.

STM topographies acquired from the vacuum-cleaved Cd;As, surface exhibit a clean step-terrace
morphology, as demonstrated in Fig. 6(a). The corresponding height profile is shown in Fig. 6(b). The
zoomed-in image on one of the terraces, shown in Fig. 6(c), reveals an atomic surface lattice, which has
a clear surface reconstruction®*® as shown by the 2D Fourier transform displayed in Fig. 6(d), consistent
with that observed by Jeon et al.*®. The observed pseudo-hexagonal nearest-neighbor lattice spacing of
d,.,=0.435 (+0.02) nm is close to that expected for the (112) surface. With this in mind, we interpret the
step-height of 0.718 nm observed in the large-scale topography map as corresponding to approximately
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Figure 3. An illustration of the Cd;As, crystal structure belonging to the noncentrosymmetric space
group I4,cd. (a) The (112) plane exhibits pseudo-hexagonal close-packing because c~2a in the large
tetragonal unit cell. (b) The (even 0 0) plane is shown in rectangular shape.

twice the As-As interlayer spacing perpendicular to the (112) plane (two times V@2/3) xd,.,). Tunneling
spectroscopy was subsequently performed on this (112) surface, as shown in Fig. 6(e). The results reveal
a conductance minimum at approximately 200 meV below the Fermi level, consistent with the energy of
the Dirac point observed in the ARPES data. The approximately linear increase in conductance above
this point is also consistent with the linearly dispersive upper Dirac cone observed using ARPES.

The resistivity data were measured using a standard four-probe method. The temperature dependence
of the resistivity is shown in Fig. 7(a), which shows that metallic behavior is observed in both the pure
and doped Cd,As, crystals under investigation. The resistivity is nearly temperature independent below
T=5K, giving a residual resistivity in the range of approximately 0.2-0.4 m{2-cm. The Hall resistivity is
practically linear under a magnetic field of up to 15 Tesla, as shown in Fig. 7(b), with the Shubnikov-de
Haas oscillation appearing in higher fields. From the Hall data at T=2K, the carrier density equals
n=14x 10"%m™? in Cd,4Zn,,As, giving a Hall mobility of p=10° cm?/V-s. The 10° order of mobility
in Cd;As, has also been reported recently by Liang et al*** For pure Cd,;As, and Cd,sSny;As,, the
carrier densities are higher in the range of n=2.6-5.2 x 10'® cm>. We note that Zn-doping can effec-
tively reduce the carrier density in Cd;As,, which gives the lowest carrier density and the highest residual
resistivity ratio (RRR=p;px/psx) of approximately 7.6 among the crystals we have studied.

Conclusions

In summary, large plate-like high quality single crystals of Cd;As, with large facets of (112) and (even 0 0)
planes have been grown by a self-selecting vapor growth (SSVG) method. The observation of sharp and
clean diffraction spots in the SAED patterns indicate the good crystallinity of the single crystals grown,
and the symmetry is indexed satisfactorily with the 14,cd space group. Tunneling spectroscopy measure-
ments performed using STM on the cleaved (112) surface confirms a conductance minimum at approxi-
mately 200meV below the Fermi level. This is consistent with the energy of the Dirac point, as observed
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Figure 4. The SAED patterns of the Cd;As, crystal taken along the zone axes of (a) [111], (b) [100], and (c)
[201] indexed with the I4,cd space group. Note that the appearance of symmetry-forbidden spots, 00! with
I=2n (n odd) in Fig. 4b can be understood as a result of electron multiple scattering. The yellow arrows
denote the multiple scattering paths for the (002) reflection.
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Figure 5. (a) Core-level spectroscopic measurement of Cd;As,, in which the Cd 4d and As 3d peaks are
observed. (b) ARPES dispersion map of Cd;As, measured near the center of the surface Brillouin zone. The
measurements were acquired using a photon energy of 102eV and at a temperature of 10K at ALS BL4.

using ARPES. The approximately linear increase in the conductance above this point is also consistent with
the linearly dispersive upper Dirac cone observed using ARPES. Cd,As, single crystals show a large resis-
tivity anisotropy in the different planes. Zn-doping can effectively reduce the carrier density of Cd;As,,
which gives the lowest carrier density and the highest residual resistivity ratio (RRR=pex/psk) of approx-
imately 7.6 among the crystals we have studied.

Experimental Section

Self- selecting vapor growth of Cd,As, single crystals. We have applied self-selecting vapor
growth (SSVG) method on the growth of Cd;As, single crystals. In this SSVG technique, there is no
transport agent used. A selected single crystal orientation can be grown using this SSVG technique. To
prepare the source materials, the binary compounds were first synthesized by reacting the 99.9999%
pure elemental forms of Cd and As. The nominally stoichiometric proportions were sealed in evacuated
ampoules, heated to 50°C above the melting points of the corresponding compounds for 4hours, and
quenched in water. The pure Cd;As, and Sn/Zn-doped Cd;As, were purified by an evacuated closed-tube
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Figure 6. STM topography measurements performed on the cleaved Cd;As, (112) surface. (a) Large-scale
topography map (Vi;,,=2V, Iset=0.1nA) showing a step-terrace morphology and (b) the topographic profile,
taken along the dashed line shown in panel (a) with a step height of 0.718 nm, corresponding to approximately
twice the As-As inter-layer distance perpendicular to the (112) plane. (c) Atomically resolved topography
(Vpis=—100mV, I, = 1nA) taken on a terrace, revealing a clear surface re-construction and

(d) the corresponding 2D-FFT pattern showing peaks for the atomic surface lattice (circled in blue) of nearest-
neighbor distance 0.435 (£0.02) nm and for the reconstruction (circled in red). (e) Tunneling spectroscopy
measurements on the cleaved Cd;As, (112) surface. An averaged dI/dV spectrum was acquired with a set-
point of Vi;,;=—100 mV, I = 1nA from the area shown in the topography image on the left (also taken with
Viias= —100mV, I.= 1nA). The minimum in the dI/dV curve corresponds to the Dirac point (DP).

sublimation process, in which sample ingots were held at a temperature near 800 °C to allow vapor dep-
osition on the inner wall of the cold end extending out of the tube furnace.

The next step in preparing the growth precursors is to refine the binary compounds with small
amounts of excess metal or chalcogen elements in another evacuated closed ampoule. The precursors
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Figure 7. (a) Temperature dependence of the resistivity in pure and doped Cd;As,. (b) The corresponding
Hall resistivity in pure and doped Cd;As,.
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were melted at 50 °C above the liquidus temperature for 4hours and then water-quenched. The quenched
ingot was iso-thermally annealed at 700°C for 3 days and then air-cooled. As illustrated in Fig. 1(a), the
SSVG technique requires the heating of a sealed evacuated double quartz ampoule with an outer tube
(30cm length x 1.8cm inner diameter) and an inner tube (20cm length X 1.4cm inner diameter) that
contains approximately 20g of uniformly distributed coarsely powdered source material in a horizontal
three-zone furnace (100cm long X 15cm bore diameter). Before the ampoule is loaded, it is degreased
and etched with aqua regia, rinsed, and heated overnight at 1,000°C under high vacuum. The furnace is
heated to the growth temperature with the designated temperature profile before inserting the ampoule.
The growth ampoule rests on the furnace core and near the center of the furnace. The horizontal and
vertical temperature gradients measured in the furnace without the ampoule in place are ~0.1-0.2°C/cm
and 1.0-1.4°C/cm, respectively.

In the final step of the SSVG method, the ingot was crushed with an agate mortar and pestle, sieved to
obtain the proper range of particle sizes (0.1-0. 3 mm diameter), and placed in the growth ampoule. The
growth temperature profiles used were approximately 675-575-500°C for Cd;As, and 700-650-600°C
for Sn/Zn-doped Cd,As,, respectively. The typical growth time used was 10 days. It was found that longer
growth time had little effect on both the number and size of the crystals. Crystals with lower dislocation
densities can be obtained by leaving the ampoule in the furnace and turning off the power directly. A
successful growth exhibits few well separated plate like crystals, as displayed in Fig. 2. These crystals have
individual facets of up to 0.7cm? in area. The facets are typically (112) oriented, although occasionally
crystals with large facets of (even 0 0) orientation are present in the middle region. No obvious crystal
morphology change in Cd;As, is detected with the addition of Zn or Sn.

Material Characterization. Initial phase characterization was carried out using Bruker-AXS D8
ADVANCE x-ray diffractometer that is equipped with a diffracted beam monochromator set for Cu
K, radiation (\=1.54056A), and further crystal structure analysis was conducted using synchrotron
x-ray powder diffraction (SXRD). The SXRD patterns were collected at room temperature with crushed
crystals at the beam line in the National Synchrotron Radiation Research Center (NSRRC), Taiwan with
energy of 20keV, which corresponds to a wavelength of 0.6199 A. The structural refinement was per-
formed using data obtained from the synchrotron X-ray source facility in NSRRC-Taiwan. The transport
properties for the Cd;As, crystals were measured using a four-probe method for the in-plane resistivity
as a function of temperature. Two types of specimens with crystalline (112) and (even 00) planes were
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prepared for investigation. The structural characteristics of Cd;As, in three-dimensional reciprocal space
were also investigated by electron diffraction using a transmission electron microscope TEM (JEOL
2000FX) operated at 200kV. The electron diffraction measurements were performed on thin regions
of freshly crushed single crystals dispersed in a Cu grid. Cleavage of Cd;As, crystals for investigation
by STM was performed in a preparation chamber with a base pressure lower than 5 x 10~!! mbar. The
crystals were cleaved on a L-He cooled cryostat, allowing for a cleavage temperature of approximately
8K. All of the STM measurements were performed at 4.5K in an Omicron low temperature STM using
a chemically etched tungsten tip. dI/dV (V) spectroscopy was performed using a lock-in amplifier with a
bias modulation of 30mV at a frequency of 5.9kHz.
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