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ABSTRACT: Time-reversal invariance (TRS) and inversion
symmetry (IS) are responsible for the topological band structure
in Dirac semimetals (DSMs). These symmetries can be broken by
applying an external magnetic or electric field, resulting in
fundamental changes to the ground state Hamiltonian and a
topological phase transition. We probe these changes using
universal conductance fluctuations (UCF) in the prototypical
DSM, Cd3As2. With increasing magnetic field, the magnitude of
the UCF decreases by a factor of 2 , in agreement with numerical
calculations of the effect of broken TRS. In contrast, the magnitude
of the UCF increases monotonically when the chemical potential is
gated away from the charge neutrality point. We attribute this to
Fermi surface anisotropy rather than broken IS. The concurrence
between experimental data and theory provides unequivocal evidence that UCF are the dominant source of fluctuations and offers a
general methodology for probing broken-symmetry effects in topological quantum materials.
KEYWORDS: universal conductance fluctuations, Dirac semimetal, molecular beam epitaxy, cadmium arsenide

The past decade has seen enormous interest in the study of
topological band structures created by the interplay

between fundamental symmetries and strong spin−orbit
coupling in a variety of quantum materials.1−5 Dirac semi-
metals, a three-dimensional analogue of graphene, are an
important subset in this materials class, characterized by Dirac
states in the bulk with degenerate Weyl nodes that are
protected by the presence of both time-reversal symmetry
(TRS) and inversion symmetry (IS).3,5 The response of Dirac
semimetals to applied electrical and magnetic fields has been a
matter of active discourse, in bulk crystals,6−12 thin films,13−20

and patterned micro-/nanostructures.21−24 An important
question in this context is whether one can experimentally
observe the expected transformation of a Dirac semimetal into
a Weyl semimetal in a given material when the degeneracy of
the Weyl nodes is removed by breaking the TRS in an external
magnetic field. Although angle-resolved photoemission spec-
troscopy (ARPES) could, in principle, be used to observe such
a topological phase transition, it is technically impractical
because of the need for a magnetic field. The observation of
qualitative changes in the magnetoresistance in a Dirac
semimetal at large external magnetic field has provided
strongly suggestive evidence for the field-induced transition
to a Weyl semimetal in ZrTe5,

25 but this is still not definitive.
We propose that the measurement of universal conductance

fluctuations (UCF) potentially provides a more rigorous route
to answering this question.26

UCF, a consequence of quantum interference, are aperiodic,
reproducible fluctuations of the conductance of magnitude
∼e2/h in a system, observed when the sample length is
comparable to the phase coherence length (Lϕ) .27−31 The
magnitude of UCF is strongly influenced by the underlying
symmetries of the system and has been used to probe the
ground state symmetries in many materials.32−40 Theory
predicts that the magnetic-field-induced topological phase
transition from a Dirac semimetal to a Weyl semimetal will
manifest as a reduction in UCF magnitude by 2 26 as one
breaks TRS. However, prior experiments have shown an
approximate reduction by a factor of 2 2 .23 Applying an
electric field to a Dirac semimetal can also break IS. The effect
of this symmetry-breaking perturbation on UCF in a Dirac
semimetal is of equal fundamental importance to that of
broken TRS but remains unexplored. Here, we address the
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effect of applying both magnetic and electric fields to UCF in
epitaxially grown thin films of the protypical Dirac semimetal
Cd3As2, patterned into nanowires. We observe a factor of 2
reduction in UCF amplitude as the TRS is broken with
application of a magnetic field, consistent with theoretical
predictions. We also observe a monotonic enhancement of the
UCF magnitude as the chemical potential is increased by using
electrostatic gating. We argue that this most likely arises from
Fermi surface anisotropy. Our experiments provide unambig-
uous proof of UCF to be the intrinsic source of fluctuations in
mesoscopic Cd3As2 devices and further establish its suitability
for probing topological phase transitions.
Our experiments used Cd3As2 films (20 nm thickness)

grown by molecular beam epitaxy (MBE) on semiinsulating
(111) GaAs substrates after the deposition of a 100 nm thick
buffer layer of GaSb. During the growth of Cd3As2, we used a
high-purity compound source of Cd3As2 in a standard effusion
cell and a beam equivalent pressure of 1.2 × 10−7 Torr; the

substrate temperature was 110 °C (calibrated using band-edge
infrared thermometry). We have established that these growth
conditions in our MBE chamber yield Cd3As2 films of good
structural and electronic quality oriented in the [112]
direction.20 In situ reflection high-energy electron diffraction
(RHEED) measurements showed streaky patterns in both
[ ]211 (left) and [ ]0 1 1 directions, indicating reasonably ordered
growth (Figure 1a). The presence of a Dirac cone in MBE-
grown Cd3As2 films synthesized under nominally identical
conditions is confirmed by in vacuo ARPES measurements
performed after using a vacuum suitcase to transfer films from
the MBE chamber to a local measurement chamber. The
ARPES measurements were carried out at T = 300 K using
excitation by the 21 eV helium Iα spectral line from a helium
plasma lamp isolated via a monochromator and detection of
emitted photoelectrons using a Scienta-Omicron DA 30L
analyzer with a spectral resolution of 6 meV. As shown in
Figure 1b, the ARPES data show the expected linearly

Figure 1. Material growth and device fabrication. (a) RHEED images captured during the growth of Cd3As2 films. The electron beam is directed
along [ ]211 (left) and [ ]0 1 1 (right). (b) ARPES spectra of a 10 nm thick Cd3As2 film grown using similar conditions (substrate temperature, beam
flux) as the thicker samples measured in transport. The measurements are taken at T = 300 K along the K K direction. The right panel
shows a slightly enlarged view of the data in the left panel. (c) Cross-sectional HAADF-STEM image of a 20 nm Cd3As2 film. (d) Scanning electron
microscope image of a typical mesoscopic device.

Figure 2. Basic electrical characterization. (a) Sheet resistivity (Rs) vs temperature (T) of Dev I and Dev II, both showing insulating behavior. (b)
Resistance as a function of gate voltage (Vg) of Dev I and Dev II at T = 0.41 K, exhibiting charge neutrality points at Vg = −2.8 and −3.1 V,
indicating that the devices are n-doped. (c) Quantum correction to conductivity (Δσ) as a function of the magnetic field (B) in both devices,
exhibiting weak antilocalization at Vg = 0 V. The blue and red lines show a fit to the data using eq 1.
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dispersing Dirac bands, consistent with previous ARPES
measurements from the (112) surface in cleaved bulk
samples41−43 and thin films.19 We note that calculations and
quantum transport measurements20 of similar [112]-oriented
Cd3As2 thin films indicate that a small quantum-confinement-
induced gap should be expected at the Dirac point for 20 nm
thick films studied here, but our ARPES measurements do not
have the resolution to measure this gap. High-angle annular
dark-field scanning transmission electron microscopy
(HAADF-STEM) images obtained in the cross section confirm
the growth of crystalline Cd3As2 films in the correct phase, as
shown in Figure 1c.
To fabricate the mesoscopic nanowire devices investigated

in this manuscript, we used electron beam lithography to first
pattern and deposit 10/30 nm Cr/Au electrodes using e-beam
evaporation. This was followed by another round of
lithography and Argon plasma etching to pattern the
nanowires. To control the chemical potential, we used a top
gate with a 30 nm Al2O3 dielectric layer deposited by using
atomic layer deposition. A scanning electron micrograph of a
typical device is shown in Figure 1d. The transport
measurements were performed by using a standard four-
probe ac technique with a lock-in amplifier in a pumped He-3
Oxford Heliox system. We used a constant current circuit with
an excitation current of 10 nA to reduce Joule heating and a
carrier frequency of 17.777 Hz.
The temperature dependence of the sheet resistivity (Rs) of

these films shows insulating behavior, with Rs increasing
monotonically as temperature T is reduced44 (Figure 2a). Rs as
a function of gate voltage (Vg), measured in two channels of
length L = 4.5 μm (Dev I) and 1.5 μm (Dev II) and widthW =
0.1 μm, shows maxima at Vg = −2.8 and −3.1 V, respectively,
referred to as the charge neutrality point (CNP), indicating the
sample to be n-doped (Figure 2b). The typical mobilities of
these films are ∼104 cm2/(V s) at low T.45,46 The quantum
correction of conductivity for both channels show weak
antilocalization, as expected for a spin−orbit coupled system
(Figure 2c).47−52 In the case of strong spin−orbit coupled
systems such as Cd3As2, where (τϕ ≫ τso, τe), the quantum
correction to conductivity (Δσ) can be fitted with the
Hikami−Larkin−Nagaoka (HLN) equation,48 given as
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Here, Bϕ is the phase coherence field and α is a fitting
parameter. The phase coherence length Lϕ can be extracted

using =L eB/4 , where e and ℏ are the electronic charge
and reduced Planck’s constant, respectively. Both channels
show comparable lϕ ≈ 200 nm at Vg = 0 V (see the Supporting
Information for additional data).
Conductance fluctuations reported in this article were

investigated by capturing the four-probe resistance as a
function of magnetic field and gate voltage. The UCF
magnitude =G G G( ( ) )2 is defined as the rms
magnitude of the variance of the fluctuations, calculated after
subtracting the background by fitting a polynomial. The
fluctuations are aperiodic and reproducible, which are key
features of UCF (see section SII in the Supporting Information
for additional data).
To probe the effect of breaking TRS, we recorded R by

sweeping the magnetic field at different gate voltages, as shown
in Figure 3a. We chose two Vg windows: (a) when Vg is close
to the CNP (−5 to 0 V) and (b) when Vg is away from the
CNP (6 to 10 V). As a function of perpendicular magnetic
field, we found that the magnitude of UCF is reduced by a
factor of 2 , in both gate-voltage windows, as shown in Figure
3b.
Within the framework of random matrix theory

(RMT),32,33,35 the magnitude of UCF within a phase-coherent
box is proportional to
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Here β, s, and k are the Wigner−Dyson parameter (dependent
on the universality class of the system), the degeneracy of the
system under investigation, and the number of independent
eigenmodes of the Hamiltonian, respectively. The value of β is
1, 2, or 4 for the orthogonal, unitary, and symplectic symmetry
classes, respectively. The application of a magnetic field
removes TRS, splitting the degenerate Dirac points into a pair
of Weyl points (in momentum space). This leads to a
transition from the Gaussian symplectic class to the unitary
symmetry class. In this scenario, s changes from 2 to 1 due to
the removal of Kramers degeneracy, while β changes from 4 to
2. This results in a factor of 2 reduction in UCF magnitude
as the magnetic field is increased. Microscopically, the self-
intersecting Cooperon modes are suppressed as the magnetic
field is applied, leading to a reduction of the number of
transport modes by a factor of 2 . In this scenario, the
fluctuations arise due to the classical diffuson modes. From a

Figure 3. Magnetic-field dependence of UCF. (a) Conductance fluctuations obtained by sweeping the magnetic field at different gate voltages. (b)
Magnitude of the fluctuations, normalized with the value at B = 0 T, showing a reduction by a factor of 2 in Dev I. The dashed line corresponds
to 2 reduction. (c) Calculated UCF magnitude as a function of the normalized magnetic flux ϕ/ϕ0 when the Fermi energy is both at the Dirac
point and away from it. When the magnetic flux goes beyond a critical value, UCF magnitude decreases by 2 , consistent with the experimental
data.
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heuristic analysis, the UCF magnitude starts to decrease when
the magnetic field exceeds B0 = A(h/e)Lϕ

2 , where A depends on
thermal length LT and spin−orbit coupling length Lso.
Normally, the factor of 2 reduction in UCF magnitude
occurs only when B ≫ B0, and the critical field Bc for this
factor of 2 reduction can be obtained from the conductance
autocorrelation function. The value of Bc largely depends on
the temperature and commonly increases rapidly with
temperature.53−56

For further validation, we also performed numerical
calculations of the UCF magnitude based on a k·p model
developed in ref 26. We adopt the following minimal 4 × 4
Hamiltonian H0 to describe the 3D Dirac semimetal Cd3As2
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with M(k) = M0 − Mzkz2 − Mxkx2 − Myky2 and k± = kx ± iky. A
and D are the strength of spin−orbital coupling between the
inverted bands ±M(k) and the two M(k) orbitals, respectively.
A real-space version of H0(r) on a discretized lattice, H0(k), is
obtained through a Fourier transformation. The externally
applied magnetic field B⃗ enters H0 through a Piers substitution,
e.g., for a magnetic field applied along the z direction, tx →
txeiϕ, where ϕ measures the magnetic flux through a unit lattice
square. The disordered Cd3As2 material is modeled using H =
H0 + U(r), where U(r) is an on-site random potential
uniformly distributed on [−W, W].
We numerically compute the zero-temperature conductance

= [ ]G G GTre
h

r a
L R

2

using the Landauer−Büttiker formula,57

where = [ ] = [ ]†G E G E E H( ) ( )r a
F F F L R

1 is the
retarded Green’s function, ΓL/R = i[∑L/R

r − ∑L/R
a ] is the line

width function, and ∑L/R is the self-energy of the left/right
lead. The conductance fluctuation δG is calculated as the
standard deviation of conductance G for an ensemble of
disorder, =G G G( )2 1/2, averaged over at least 200
ensembles. In the calculation, we use M0 = −0.4,Mz =Mx =My
= −0.5, and A = D = 1 and use a quasi-1-dimensional system
with sizes Lx = 10, Ly = 30, and Lz = 100. The magnitude of the
UCF is determined as the average value over the plateau where
conductance fluctuations saturate as the disorder strength is
varied. We further confirm the convergence of the UCF
magnitude by testing its sensitivity to the system size Lα, α = x,
y, z. This method ensures that the UCF obtained are universal
values in the diffusive regime and also helps get rid of the finite
size effect in numerical calculations.
As shown in Figure 3c, when the magnetic flux per unit cell,

normalized with the magnetic flux quanta (ϕ/ϕ0), goes beyond
a critical value, the UCF magnitude decreases by 2 , both
close to and away from the charge neutrality point. Thus, our
observed reduction in the magnitude of UCF by a factor of 2
is consistent with that predicted theoretically for Dirac
materials. It is important to emphasize that although the
parameters used in the model may not be realistic for the
experiments, they are sufficient to capture the correct
transitions of the intrinsic magnitude of the UCF between
symmetry classes. This is because the transition depends on
the symmetry class of the Hamiltonian and not on the details

of the Hamiltonian parameters, such as the strength of spin−
orbital coupling, the effective band mass, etc. However, our
theory is unable to capture the critical magnetic field beyond
which the magnitude of the UCF changes its intrinsic value, as
it depends on various system parameters other than the
symmetry indices such as the system length used in the
calculation. We also note that previous experiments on
mesoscopic Cd3As2 channels showed a 2 2 reduction.23

This may be caused by factors such as magnetic-field-induced
gap or decoherence.26 Quantum confinement, which can open
up a small gap at the Dirac point in films of the thickness we
used (∼20 nm), may also play a role here, since the thickness
of our films is much smaller than the nanowires investigated in
the previous experiment (∼100 nm). The role of disorder is
also not clear, which leads to the removal of valley degeneracy
and can affect the magnitude of the UCF.
To evaluate the impact of an externally applied electric field

on UCF, we extracted the rms magnitude as a function of Vg,
which is plotted in Figure 4a. We observe a strong suppression

of UCF near the charge neutrality point. The suppression of
UCF at the charge neutrality point was observed in prior
studies of topological insulators and Dirac semimetals. This
was attributed to an increase in lϕ at high carrier densities due
to the screening of impurity scattering potential,23,38,58

although the trend within a phase-coherent box was not
investigated. In the context of single-layer graphene, although
δG shows a decrease or increase at higher Fermi energy (Ef),
the magnitude within a phase-coherent box (δGϕ) decreases by
a factor of 4 away from the Dirac point, due to the removal of
valley degeneracy.59 To probe this further, we evaluated the
UCF magnitude within a phase-coherent box by using

=G LW G
L

2 2

2 .
36 We observe an increase in the magnitude

Figure 4. Gate-voltage dependence of UCF. (a) rms magnitude of the
fluctuations as a function of gate voltage (Vg). (b) Magnitude of the
UCF within a phase-coherent box, showing an increase by a factor of
2.5 as Vg is tuned away from the charge neutrality point. (c)
Numerically calculated normalized magnitude of UCF within a phase-
coherent box as a function of the Fermi energy. (d) Comparison of
the phase breaking length (Lϕ) obtained from different methods.
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(normalized with the value at the Dirac point, δGϕ,DP) as Vg is
tuned away from the Dirac point (Figure 4b), by a factor of 2.5
in this device (see sections SIII and SIV in the Supporting
Information). This trend of increasing magnitude of UCF with
increasing Ef is also captured in our numerical calculation, as
shown in Figure 4c, where we plot the normalized UCF
magnitude as a function of Ef. We attribute this increase of
UCF to Fermi surface anisotropy. The strong anisotropy of the
Fermi surface around the Dirac point is an important feature of
Cd3As2 and can be described correctly by the effective low-
energy Hamiltonian H0(k) in eq 3.41,60 The effects of Fermi
surface anisotropy can be intuitively understood as follows: we
neglect the Dk± terms in H0(k) and locate the Dirac point at

M M(0, 0, / )z0 . The states around the Dirac point have

much longer wavelength =
k
2 along the α = x, y direction

than along the z direction. Thus, the electrons effectively travel
in a 1-dimensional system rather than in a 3-dimensional
system. UCFs are suppressed through the reduction of the

prefactor from cd=3 to cd=1 in the formula =G cd
ks2

. Away

from the Dirac point, electrons recover the 3-dimensional
transport and the UCF increase due to the increase of the
prefactor cd. This is validated in the numerical calculation,
where we have used a cube of size Lx = Ly = Lz = 12 to describe
a phase-coherent region inside the material. We emphasize
here that the effect of Fermi surface anisotropy depends on
realistic parameters and can only be described qualitatively
through the model assumed in this manuscript; a quantitative
understanding of the influence of the Fermi-surface anisotropy
on the UCF still needs further study.
Finally, we extracted the Vg dependence of Lϕ from two

independent methods: (a) we determine via the magneto-
resistance by using fits to the HLN equation (eq 1) and (b) we
directly determine Lϕ from the UCF by analyzing the
autocorrelation function23,61

= +
F B

G B G B B
G

( )
( ) ( ) B

2

We use this to obtain the correlation field B0 using the
equat ion F(B 0) = 0.5F(0) and then determine

= ( )L 2.4 h
eB

1/2

0
.

We find that the values of Lϕ determined from magneto-
resistance and UCF differ in magnitude by a factor of 3 over
the Vg range that has been investigated (Figure 4d). We also
find Lϕ increases away from the Dirac point in both cases.
Enhanced screening of electromagnetic fluctuations at higher
number densities leads to a larger Lϕ away from the Dirac
point, while inhomogeneity from electron−hole puddles leads
to lower Lϕ around the Dirac point.38,62,63 The factor of 3
difference in Lϕ obtained from the two methods has two
possible explanations. First, the phase breaking time τϕ relevant
for weak localization (WL) is related to the Nyquist dephasing
rate, while the scattering time scale for UCF depends on the
outscattering time, which is related to the inverse of the
inelastic collision frequency.64,65 The influence of these two
mechanisms on dephasing can differ, and this difference has
been investigated in a variety of samples.38,49,50,55,66−70 Further
investigation is required to identify whether both WL and UCF
are governed by the same scattering rates in Dirac materials.

In conclusion, we have investigated UCF in mesoscopic
transport channels of Dirac semimetal Cd3As2. We find that
the magnitude of UCF is reduced by a factor of 2 as the
magnetic field is increased due to the removal of time-reversal
symmetry. Our observations are consistent with a topological
phase transition from the symplectic to unitary symmetry class.
We also find that the magnitude of UCF increases as the Fermi
energy in the system is increased, which we attribute to Fermi
surface anisotropy rather than broken inversion symmetry. Our
experiments establish UCF to be the intrinsic source of
fluctuations in these systems and emphasize their importance
in probing phase-coherent transport. The good concurrence
between theoretical predictions and experimental observations
indicates that measurements of UCF provide a promising route
for rigorously probing the influence of broken symmetry on the
band structure of topological quantum materials.
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