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Ultrahigh Carrier Mobility in Cd;As, Nanowires

Angadijit Singh,* Piet Schoenherr, Crispin Barnes, and Thorsten Hesjedal*

Magnetotransport measurements are carried out on nanowires of the Dirac
semimetal Cd;As,. Weak antilocalization is observed at 1.9 K, consistent with the
presence of strong spin—orbit interaction. With decreasing temperature, Shubnikov—
de Haas oscillations are seen, revealing an ultrahigh mobility of ~57 000 cm”*V~'s™"
at 1.9 K. The strong oscillations display a linear dependence of the Landau-level index
on the inverse of the magnetic field, yielding an intercept that is consistent with a the
Berry phase—the signature feature of Dirac fermions. By studying the fundamental
properties of Dirac materials, new avenues can be explored by exploiting their unique

properties for spintronics and magnetoelectronic devices.

1. Introduction

Dirac semimetals (DSMs) are quantum materials in which the
conduction and valence bands touch each other at distinct points
in momentum space, known as Dirac points (DPs). Like in
topological insulators, where the linear dispersion along the
directions near the DP is protected by time reversal symmetry,!"]
in DSMs, the linear dispersions in three directions near the DP
are protected by rotational crystalline symmetry.”™ In DSMs, if
the symmetry is broken, the DP may split into a pair of nodes,
known as Weyl nodes, resulting in a Weyl semimetal.[**]
In each of these pairs, the two Weyl nodes exhibit reverse chiral-
ity and monopole/antimonopole pairs with a Berry curvature to
ensure a net zero flux.[*”] This is particularly advantageous as it
can host topologically protected massless conducting surface
states.®”! The exploitation of these exotic properties has paved
the way for topological physics and demonstrated, for example, the
quantum Hall effect,” the quantized anomalous Hall effect,!*"
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the quantized photocurrent effect,**!%

giant magnetoresistance (MR),*¥ and
Floquet-Bloch!" states to name a few.
One such material in the family of
DSMs is Cd3As,, which has a pair of DPs
distributed equally away from the
I point along the [001]-direction at +kp in
Brillouin zone, confirmed using
ARPES where a linear dispersion near
the DPs was observed.!'>1® Bulk Cd;As, as
well as nanomaterials also demonstrate
ultrahigh carrier mobility™” % in transport
measurements, Landau quantization,*”!
Shubnikov-de Haas oscillations,*?*%*!
and very large linear positive and negative MR values?***! depend-
ing on the measurements geometry. The unique band structure of
DSMs can also give rise to many other topological phases such as
topological superconductors.”® To make things more advanta-
geous for devices, its Fermi surface is also very close to the
DPs. Cd;As, nanowires have been shown to exhibit universal con-
ductance fluctuations,"*?*%*%8 phase-shifted Aharonov—Bohm
(AB) oscillations,® as well as suppressed Klein tunneling in
quantum dot-hosting nanowires.”®! Cd;As, nanowires also have
intriguing photoconductance properties, e.g., a large photorespon-
sivity®” and helicity-dependent THz emission. By performing
THz emission spectroscopy on a nanowire ensemble, both
broadband (few cycle) and narrowband (multicycle) THz pulses
were generated upon near-infrared photoexcitation by switching
the polarization of light from linear to circular polarization,
respectively.’??l Note that our nanowires crystallize in the
noncentrosymmetric space group I4,cd, while bulk Cd;As, has
tetragonal crystal structure belonging to the centrosymmetric
I4,/acd space group. In a recent work by Park et al., it was further
demonstrated that metastable nanowires in the tetragonal P4, /nbc
and P4, /nmc phases can be stabilized by varying the deposition
temperature.**) Considering the promising THz properties of
Cd;As,, it is important to investigate the electrical transport
properties of Cd;As, nanowires in the stable I4;cd phase.*’]

In this work, using electrical transport on Cd;As, nanowires,
we demonstrate the weak antilocalization effect consistent with
strong spin-orbit interactions followed by an ultrahigh mobility
characteristic of a perfect = Berry phase evidencing Dirac
fermion-like Shubnikov—de-Haas (SdH) oscillations.

2. Results and Discussion

The Cd;As, nanowires were grown by chemical vapor deposition
and transferred onto an electrode array for magnetotransport
measurements (Figure 1) in an Oxford Instruments cryostat with
a base temperature of 1.9 K. Figure 2a shows the resistance of the
device with respect to temperature with zero field cooling (0 T)
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Figure 1. SEM micrographs of as-grown Cd;As, samples as a function of carrier gas flow. a) Microcrystal growth of Cd;As, (300 sccm), b) mixed cluster
and nanowire growth (100 sccm), and c) nanowire growth from clusters forming a mesh network (25 sccm). d) A nanowire (taken from the sample in (c))
placed across microlithographically defined electrodes. The growth direction of the nanowire was along the [112]-direction (as indicated by the yellow

arrow).

and field cooling (0.25 T). Both curves show a semiconductor-like
behavior as the temperature is reduced (resistance increasing
with decreasing temperature), similar to other DSMs, such as
Na;Bi and ZrTes, attributed to a low carrier density.*** The
zero-field cooled curve shows a metallic response close to
~50 K which then flattens out below 20 K, while the field cooling
result does not show any signs of a metallic behavior. As semi-
metals are gapless, carriers in the valence band may be deacti-
vated thermally if the Fermi level is close to the DP as the
temperature goes down. But, below a critical temperature of
~50K, the thermal energy is low enough to activate carriers
to the conduction band above the Fermi level giving rise to
the metallic response. A far as we know, this metallic response
differs significantly from bulk Cd;As, crystals. These have a very
high carrier concentration and their Fermi level lies far above
the DP."”-2% Distinctively, our wires have a very low carrier den-
sity (discussed later in the Results section), which implies that
the Fermi level is close to the DP. The activation energy can also
be deduced by fitting the high-temperature resistance to the
equation R,, ~exp(E,/kgT), where E, is the activation energy
(inset of Figure 2a). E, was extracted to be ~20 meV.

Figure 2b displays the longitudinal resistance R, as a func-
tion of magnetic field at 1.9 K, applied perpendicular to the lon-
gitudinal axis of the nanowire. Quantum oscillations are clearly
visible with an obtuse dip feature at zero field, corresponding to
weak antilocalization (WAL)."**¢! WAL occurs in systems with
strong spin—orbit interaction, and it is pointing toward the exis-
tence of topologically protected surface states in Cd;As,.[*®!
This is also consistent with the metallic response observed in
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the R,, vs. T plot in Figure 2a. To further understand the quan-
tum oscillations, a temperature-dependent magnetic field sweep
was performed on R,,.

At higher fields, the MR starts to oscillate periodically giving
rise to pronounced SdH fluctuations up to 50 K after which they
disappear as shown in Figure 3a. Most researchers have observed
a negative MR in DSMs and Weyl semimetals, which is believed
to originate from the chiral anomaly induced charge pumping
effect.””) Here, in contrast, we observe a positive MR expected
for hopping conduction, in agreement with Li et al.*®! for the
magnetic field applied perpendicular to the substrate surface.
As the applied magnetic field contracts the overlap of the local-
ized state wave functions, it results in an increase of the average
hopping length resulting in an increase in resistance with
field.®”) A linear background was then subtracted from these
graphs, and the plots of oscillation amplitude AR,, versus
1/B from 1.9 to 50 K were obtained as depicted in Figure 3b.
The oscillations became stronger with the increase in B and
decrease of T.

A Iandau fan diagram for 1.9K was plotted by taking the
maximum and minimum of the oscillation amplitude as
the half-integer and integer levels, respectively, as shown in
Figure 4a. According to the Lifshitz—Onsager rule, it is well
known that in the SdH oscillations, the Landau-level index
n is related to the cross-sectional area of the Fermi surface S
via 2z(n + y) = Sgh/eB, where y is the Berry phase. The linear
extrapolation of the Landau-level index plot to 1/B = 0 yields an
intercept of —0.129, which is close to the value of 1/8 expected for
a Dirac system with a Berry phase of z.*® This is strong evidence
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Figure 2. a) Resistance R,, vs temperature measured at 0 and 0.25T.
The semiconducting-like R-T behavior shows that the Fermi level
may be close to the Dirac point. The thermal movement of charges
can increase the conductance resulting in a resistance increase
with decreasing temperature. The inset shows the activation energy
acquired by fitting the high-temperature resistance to the equation
R ~ exp(E,/kgT), where E, is the activation energy. E, was extracted
to be ~20 meV. b) Resistance R, vs field B at a temperature of 1.9K,
showing quantum oscillations.

for Dirac fermion transport in Cd;As, nanowires.””®! As demon-
strated by Wang et al.,*® on applying an external magnetic field,
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time reversal symmetry is broken that splits the DPs into
two pairs of Weyl nodes. The chirality of these nontrivial
surface states is nondegenerate. The lifting of the degeneracy
results in an additional Berry phase x for electrons on cyclotron
orbits.

The observation of SdH oscillations can also be used to calcu-
late parameters of the carrier transport. To find the oscillation
frequency Bg, a fast Fourier transform (FFT) was performed
on the SdH oscillations giving a value of 3.16 T as shown in
the inset of Figure 3b. By using the equation Bp = (¢bo/27%)Sg,
where ¢y = h/2e, a Fermi surface of Sp = 0.33 x 1073 A2 was
determined. Here, if we assume that the Fermi surface is circu-
lar, i.e., a Dirac-type band dispersion, the relations Sp = 7k
(Fermi wave vector kg) and nsp = k3/(37%) (3D carrier density)
are valid."”) In this way, kp was estimated to be 0.0097 A~! and
n3p = 3 x 10'° cm™3. This value of n;p is much smaller than in
bulk Cd;As,, meaning that the Fermi level is very close to
the DP."**!

To analyze the characteristics of transport further, the cyclo-
tron mass () was calculated. The temperature-dependent
SdH oscillation amplitude AR,, was first extracted by
following the Lifshitz—Kosevich (LK) theory given by
AR, (T)/R,.(0) = A(T)/ sinh(A(T)), where the thermal factor
is given by A(T) = 22k, Tm,/heB, and with m,. = Eg/vi the
effective cyclotron mass. As shown in Figure 4D, the best fit gives
a cyclotron mass of mq. = 0.053m,. The Fermi velocity
vp = hkg/mq. and energy Ep = mqvi can be calculated as
212m s ! and 13.5meV, respectively. Moreover, from a
Dingle plot,*” the quantum lifetime 7 time can be calculated
from the Dingle factor e P, where D = 2z%Eg/reBvk. Since
AR, (T)/AR,,(0) is proportional to e PA(T)/sinh(A(T)), the
quantum lifetime 7 can be found from the slope of the logarith-
mic plot of [AR,(T)/AR,,(0)]Bsinh(1) vs 1/B. By using the
cyclotron mass, the quantum lifetime 7 was estimated to be
1.73 x 10712 5. Other important parameters such as mean free
path | = vgz and the mobility ugqy were calculated and summa-
rized in Table 1 and 2. This means that the mobility of our
Cd;As, nanowires is among the highest reported in the
literature.[*8-2227]
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Figure 3. a) Plot of resistance R vs magnetic field B at various temperatures from 1.9 to 50 K showing SdH oscillations. b) Oscillating part of AR,, as a
function of B. The inset shows the fast Fourier transform (FFT) on the SdH oscillations with a peak at 3.16T.
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Figure 4. a) Landau fan diagram, i.e., plot of the Landau-level index n vs 1/B, obtained from the LK analysis of the SdH oscillations. The linear fit to the
data gives an intercept at —0.129 (for 1/B=0). The value for § extracted in this way is close to 1/8, representative of a 3D Dirac fermion system with a Berry
phase of . b) Normalized resistance amplitude AR,,(T)/AR,,(0) vs. temperature at 5.4 T. The inset shows AR,, as a function of temperature at different
fields from which the effective mass, m,, can be determined. c) Dingle plot allowing for the extraction of the quantum lifetime z and mobility usqy.

Table 1. Calculated electrical parameters at 1.9 K.

Be [T S (A2 ke [A)] v 10°mys] Eg [meV] |[nm] mg [m,] ©[102s]

3.16 0.33 0.0097 2.12 13.5 366 0.053 1.73
Table 2. Mobility for Cd;As, calculated at different temperatures.

TIK] 1.9 4 10 20 50
Hsan [cm™2V7T s 56 884 40129 36386 37897 33599

3. Summary and Conclusion

In summary, Cd;As, were processed into four-point probe devi-
ces using photolithography and electrical measurements were
carried out on them. The results display a semiconductor-like
behavior with a clear metallic response at low temperatures con-
sistent with the presence of topological surface states. Weak anti-
localization was observed that confirms strong spin—orbit coupling
in the material system. Clear SdH oscillations were visible at low
temperatures from 1.9 to 50 K. The analysis of the oscillations
reveals various electrical transport parameters with an ultrahigh
mobility at 1.9 K corresponding to 56 884 cm? V! s~1. The results
shed light to understand the fundamental properties of nanowires
that are very important to push the material system toward versa-
tile and practical device applications.

4. Experimental Section

Sample Preparation: Cd;As, nanowires were grown using chemical
vapor deposition on Si(100) substrates employing a self-catalyzed process.
A precursor of Cd;As, powder was placed in a horizontal tube furnace at
750 °C. Several Si(100) substrates were placed in a quartz boat, which was
kept downstream where the (thermocouple) temperature was /200 °C. By
adjusting the flow rate of the N, carrier gas, the structural properties of the
as-grown material can be tuned. For a high N, flow rate of 300 sccm,
microclusters were formed as shown in Figure 1a. In contrast, for a lower
flow rate (100 sccm), nanowires and clusters form (Figure 1b), while nano-
wires with a diameter of several 10 nm dominate at 25 sccm (Figure 1c).
These a-Cd;As, nanowires crystallize in the noncentrosymmetric space
group l4;cd.
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More details on the structural properties of the nanostructures (X-ray
diffraction and transmission electron microscopy), their composition
(energy-dispersive X-ray spectroscopy), and Raman spectroscopy can
be found in Ref. [33]. Note that we will call our nanoscale structures inves-
tigated here nanowires to be consistent with previous publications; how-
ever, they could also be classified as nanoribbons.?**!

Device Fabrication: After growth, the nanowires were carefully harvested
from the Si(100) substrate and randomly dispersed on top of a new, clean
Si/SiO, (300 nm) substrate using microtools. Next, an isolated wire was
located in an optical microscope, and micrometer-sized electrodes were
defined using standard photolithography techniques. The distance
between each electrode was 5pm. In order to form ohmic contacts
between the nanowire and the electrodes, 20/80 nm of Ti/Au was depos-
ited after a quick Ar' etching treatment in vacuum. The sample was then
placed in a lead-less chip carrier (LCC), followed by Au wire bonding.

Electrical Characterization: The LCC was mounted inside a sample
holder and inserted into an Oxford Instruments cryostat with a base tem-
perature of 1.9 K. For the measurements presented in the manuscript, the
magnetic field was applied normal to the substrate plane (B||z; see
Figure 1d). Standard AC electrical four-terminal measurements were
carried out employing a Stanford SR830 lock-in amplifier at a frequency
of 77 Hz using a constant current of 100 nA.
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