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Topological insulators and semimetals have exotic surface and bulk states with massless Dirac or Weyl fermions,
demonstrating microscopic transport phenomenon based on relativistic theory. Chiral anomaly induced negative magne-
toresistance (negative MR) under parallel magnetic field and current has been used as a probable evidence of Weyl fermions
in recent years. Here we report a novel negative MR result with mutually perpendicular in-plane magnetic field and current
in Cd3As, nanowires. The negative MR has a considerable value of —16% around 1.5 K and could persist to room temper-
ature of 300 K with value of —1%. The gate tuning and angle dependence of the negative MR demonstrate the mechanism
of the observed negative MR is different from the chiral anomaly. Percolating current paths induced by charge puddles
and disorder might be involved to produce such considerable negative MR. Our results indicate the negative MR effect in
topological semimetals involves synergistic effects of many mechanisms besides chiral anomaly.

Keywords: negative magnetoresistance, chiral anomaly, topological semimetals, quantum transport

PACS: 73.43.Qt, 73.63.-b, 71.55.Ak

1. Introduction

The classical Drude model gives a magnetic field-
independent conductivity formula ng*t/m, which only con-
siders carriers’ collective drift and collision. Actually, a mag-
netic field could bend the motion paths of charged particles
by Lorentz force and tend to localize the carriers in cyclotron
orbits, corresponding to ordinary positive magnetoresistance

(positive MR) with G, = H(G#)z, here o, contributes to the

zero-field conductivity.!'! When it comes to quantum well or
topological system, unusual MR occurs and is generally con-
sidered as a signature of peculiar mechanism within quantum
transport background,?! such as linear MR and negative MR.
Both of them are not limited to magnetic materials in view of
moment scattering or transmission. As an instance, except for
the negative MR source of quenching the Kondo effect>*! or
magnetic phase transition,>! nontrivial Berry curvature could
revise relativistic particles’ motion equation and contribute gi-
ant negative MR in topological semimetals or insulators. 7]
The topological semimetal is an analogue to graphene
in three-dimensional situation, e.g., A3Bi (A = Na, K, Rb)[?
and Cd3As,.”1?1 Band crossing formed by atom orbit’s hy-
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bridization could be regarded as sources and drains of Berry
curvature with higher degeneracy. Especially, Dirac semimet-
als are located at the center of phase transition to Weyl
semimetals or strong/weak topological insulators.!!3] Extra
magnetic fields could break the time reversal symmetry and lift
Dirac points to two-fold Weyl points. Considering the rectifi-
cation of dynamic equation with Berry curvature, an extra ax-
ial current is induced by balancing charge pumping and inter-

6,141 The negative

valley relaxation, namely, chiral anomaly.!
MR induced by chiral anomaly is expected to be observed only
in the longitudinal configuration with parallel electromagnetic
fields, i.e., parallel B and /. Most angle-dependence exper-
iments focus on out-of-plane magnetic fields, demonstrating
positive MR transition with vanishing chiral anomaly.!!>16]
For a sample above the substrate, out-of-plane and in-plane
measurements own unequal symmetry or geometric configu-
rations with collision paths of circling. Carriers’ motion is re-
lated to the dimension and in-plane measurements could also
provide additional insights, e.g., planar Hall effect./17:!8]

In this article, we report a considerable negative MR re-

sponse by applying in-plane orthogonal electromagnetic fields
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in the Dirac semimetal Cd3As;. The amplitude of negative
MR reaches —16% at 1.5 K and persists with —1% at room
temperature. Such robust negative MR surviving to 300 K
rules out the possible mechanisms such as quantum interfer-
ence and alignment of random moments. Percolating current
paths induced by charge puddles and disorder due to the in-
homogeneous nanostructure and lattice disorder of CdsAs;
might be involved to produce such considerable negative MR.
Our results indicate that the negative MR effect in topological
semimetals involves synergistic effects of many mechanisms
despite the chiral anomaly, even when the magnetic field is
parallel to the current.

2. Experiment and method

The Cd3Asy nanowire is synthesized by chemical vapor
deposition (CVD) method and transferred to silicon wafer with
285 nm SiO, oxide layer. Typical electron beam lithography
technique is adopted to evaporate metal electrodes of Ti/Au
with 10/200 nm.
gions are etched by Ar" before evaporation to reduce Schot-

It is worth to note that the electrode re-

tky barrier and form Ohmic contact. Figure 1(a) shows an
image of Cd3As; nanowire growing along [112] crystal direc-
tion by scanning electron microscope (SEM). The quantum
transport measurements are conducted by Oxford cryogenic
refrigerator with the lowest temperature of 1.5 K. Traditional
four-terminal configuration is used for measurement and lock-
in amplifier SR830 provides alternating current with the am-
plitude ~ 100 nA and frequency ~ 17.777 Hz.

3. Results and discussion

Due to gapless energy bands around high degeneracy
points and low density of relativistic Dirac fermions, ther-
mal activation dominates the high temperature dependence
of resistance. Metallic behavior appears after thermal en-
ergy is insufficient,!'®! demonstrating a semiconductor-like R—
T in Fig. 1(b). By tuning the carrier’s density with back-
gate voltage V, at 1.7 K, a flat resistance kink is observed
around —30 V, corresponding to the Dirac point in Fig. 1(c).
The asymmetry feature indicates different carrier mobility and
Fermi velocity in our Cd3As; sample. Then, we focus on the
main findings about negative MR under in-plane orthogonal
electromagnetic fields as shown in Fig. 1(d). MR is calculated
by [R(B) —R(0)]/R(0) x 100%. Either electron (V; =0 V) or
hole (Vy = —40 V) side reveals negative MR feature, achiev-
ing maximum of —10% around 2-3 T. In addition, the value
of negative MR is —16% when the Fermi level is closed to
the Dirac point (V; = —30 V), which means surface states and
compensation of charges might dominate transport channels
since bulk states are almost gapped with a lack of free parti-
cles. This novel negative MR is unlikely ascribed to the chiral

anomaly, since here the magnetic field is in-plane orthogonal
to the current. Besides, current jetting!'”! with uneven den-
sity distribution along with the sample could also be excluded
by considering the sample spanned by electrodes, i.e., uniform
current injection.
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Fig. 1. (a) Image of Cd3;As; nanowire captured by SEM. (b) Tempera-
ture dependence of resistance probed by typical four-terminal configura-
tion. (c) Back-gate voltage dependence of resistance at 1.7 K. Dirac point is
marked around —30 V with a flat kink. (d) MR tuned by gate voltage with
the magnetic field in-plane orthogonal to the current at 1.7 K.
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Fig. 2. (a) Magnetic field dependence of resistance from 10 K to 100 K
under 1 T at the gate voltage Vy = —30 V, showing possible WAL fea-
ture with resistance dips around O T at lower temperature. (b) and (c)
MR curves from 10 K to 300 K. (d) The enlarged area of (c) in order to
observe the MR value and kink position clearly. All the measurements
are taken at Vg = =30 V.

Subsequently, the temperature dependence of the nega-
tive MR with perpendicular in-plane magnetic field and cur-
rent is measured from 10 K to 300 K at V; = —30 V. A re-
sistance dip is obviously observed around O T at 10 K, and
gradually vanishes with increasing temperature to 75 K in
Fig. 2(a). This low temperature behavior might be relevant
to weak anti-localization (WAL) with nontrivial extra Berry
phase suppressing of backscattering in semimetals.?°! All the
amplitudes of negative MR achieve the extrema under 3 T,
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with —11% at 10 K and decreases gradually by approaching
room temperature, as shown in Figs. 2(b)-2(d). The nega-
tive MR unlikely comes from weak localization (WL) since
the value is considerable at all the selected temperatures, even
persisting to 300 K with —1%. Quantum interference, such
as WAL and WL,[212?] is very sensitive to phase coherence

@ 1 B,
Y XZ@/

B (T)

length, which diminishes quickly with increasing temperature
and could hardly exist at 300 K.[>"! The reason is that the de-
phasing process is usually dominated by inelastic collisions,
i.e., electron—electron and electron—phonon scatterings, which
implies higher temperature could enhance the relevant colli-
sions and smear the quantum interference.

Z I

(b)

B(T)

Fig. 3. (a), (c), (e) Angle dependence of MR at 1.5 K and 300 K with orthogonal configuration of the magnetic field and the current. The insets
reveal the MR at small magnetic fields. (b), (d), (f) Angle dependence of MR at 1.5 K and 300 K with parallel configuration of the magnetic
field and the current, corresponding to the typical chiral anomaly in topological semimetals. All the measurements are taken at V, = —30 V.

Angle-dependence experiments are further conducted by
applying the magnetic field along y—z plane and x—z plane re-
spectively, corresponding to B, vertical to / with a = 0° and
B, parallel to I with B = 0°, as shown in Figs. 3(a) and 3(b).
Similar with earlier negative MR reports in semimetals, [!3:16]
Figs. 3(b), 3(d), 3(f) indicate a series of negative MR-to-
positive MR transition with rotation contrasts from in-plane to
out-of-plane at 1.5 K and 300 K, demonstrating a significant
result of chiral anomaly in our Cd3As; device. The maximum
of B = 0° negative MR could reach —28% (1.5 K) and —7%
(300 K) at 14 T, respectively. It is worth to note that nega-
tive MR curves have no trend to positive MR by increasing
the magnetic field, distinguishing from breakdown of C; rota-
tion symmetry in Cd3As,.!'%21:231 This might be attributed to
different energy band’s stability by CVD growth method, or
sufficient orbital-dependent part #; compared with the mass
term.!®! The key finding of negative MR with orthogonal elec-
tromagnetic fields also indicates a process of gradual disap-

pearance by rotating By, to out-of-plane according to Figs. 3(a),
3(c), and 3(e). The insets amplify small field regions of the
MR curves. It is interesting that the critical angles of negative
MR-to-positive MR transition in orthogonal configuration are
larger than he parallel ones, with 60° (1.5 K), 50° (300 K) in
former and 20° (both 1.5 K and 300 K) in later. In addition,
small angle misalignment of magnetic fields induced by mea-
surement errors could be excluded as an origin of the negative
MR in vertical in-plane magnetic fields by considering com-
parable values of the negative MR with parallel counterparts.
Specifically, the negative MR of o¢ = 0° (—16%) is even larger
than the normal chiral anomaly of f = 0° (—12%) in 3 T ac-
cording to Figs. 3(c) and 3(d).

We could conclude that the novel negative MR with
orthogonal electromagnetic fields is insusceptible to carrier
types and still survives at room temperature. Metallic behavior
in low temperature phase of Fig. 1(b) excludes strong localiza-
tion or variable range hopping!**! as the origin of negative MR
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[25] The fact of lower intrin-

in the Anderson localized system.
sic carriers around Dirac points is contradicted with skipping-
orbit effect observed in InSb films,[20! which claims classical
surface boundary scattering brings to negative MR. Our re-
sults also rule out the conventional chiral anomaly with paral-
lel configuration of fields in semimetals. Next, we discuss the
possible mechanism of the observed MR in this work. Topo-
logical surface states provide spin—momentum locking for
Fermi loops under time reversal symmetry of two-dimensional
surface Hamiltonian. Extra fields could shift loops and cause
a net spin-moment polarization, either through current den-

(271 Earlier works[?%2°! have proven that

sity or Zeeman fields.
ion milling such as Ga™ or Ar™ could induce local magnetic
moments by introducing disorder and lead to spin-dependent
scattering process between surface and bulk states. Indeed,
our Cd3As, nanowire is fabricated by Ar" to form Ohmic
contact as well, but only in electrode regions. It might not
be possible that moment polarization-related scattering with
disorder in such small areas covered by electrodes is able to
cause an appreciable negative MR,!?’! especially compared
with the whole sample surface area. Besides, if net current
brings spin polarization by spin—-momentum locking, it seems
that the relative direction of current and magnetic field should
significantly influence the value of negative MR,3%311 which
is contradictory to our results.

In fact, such orthogonal configuration of negative MR
is detected by an out-of-plane magnetic field in topological

32-35] percolat-

semimetals or insulators by several groups.!
ing current path*?! induced by Zeeman energy is studied in
This

perspective provides a possible mechanism for our negative

theory and formed in abundant disorder bulk states.

MR results in the situation of vertical in-plane magnetic field
and current. According to Fig. 1(c), we could roughly esti-
mate electron’s mobility with u = gTZ X %,“6] where G, I,
C are the conductance, sample’s length and the capacitance
of Si0,. The mobility is only around 5040 cm?-V—!.s~! at
electron side, which is relatively small.[1% Thus the disorder
due to intrinsic Cd vacancies or anisotropy of lattice should
be considered.! Such defects might cause the Coulomb po-
tential fluctuation among charge positions. Besides, the cross
section of Cd3As; nanowire is inhomogeneous due to its three-
dimensional tetragonal crystal structure and might be tapered
around tips.[3%371 Carriers’ motion is restricted with vary-
ing dimension and might cause discrete energy level such as
quantum confinement. Due to large Landé factor g ~ 40 in
Cd3As;,%8 the Zeeman energy could provide an extra shift
of electron clouds and bend current paths, causing the unex-
pected negative MR.

Although our negative MR is not detected by the out-of-
plane magnetic field, it is related to specific simulation param-
eters of crystals, like different orientations of unit cells and

Landé factors. The competition with orbit-related positive MR
might also smear the mechanism. Nevertheless, the spatial dis-
order and distorted current paths exist in our sample, which
would necessarily involve conductivity fluctuation®**! or
carrier puddles.[*?] In the meantime, microscopic disorder is-
lands, anisotropy of lattice and Fermi velocity need to be care-

fully investigated in further research.

4. Conclusion

In summary, we display a distinct negative MR result with
in-plane magnetic field orthogonal to the current in the Dirac
semimetal Cd3As,. The amplitude of negative MR could
reach —16% around 1.5 K and persist to room temperature.
Moreover, such a phenomenon is different from the conven-
tional chiral anomaly induced negative MR, demonstrating the
complexity of the origins of negative MR in quantum trans-
port. Here the extra conductance channels may play impor-
tant roles due to percolating current paths, charge puddles and
large Zeeman energy in disordered samples. Our results indi-
cate the synergistic effects of chiral anomaly and other possi-
ble mechanisms such as disorders or percolating current path,
Berry curvature, etc. in the negative MR effect observed in
topological semimetals.
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