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Supplementary Figure 1 | Transport properties of the (Cd;_,Zn,);As; films. a, Mobility vs

electron density of (Cd;_,Zn,)3As, films. b, Zn concentration dependence of mean free path ..
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Supplementary Figure 2 | Temperature dependence of the quantum oscillations and extrac-

tion of the effective mass. a,b, Transverse magnetoresistance of the 100 nm thick Cd;As, film

at different temperatures (vertically shifted for clarity). Filled squares indicate the surface oscilla-

tions while open circles indicate the bulk oscillations. ¢, Normalized oscillation amplitudes of the

three different peaks and valleys indicated by a symbol with a broken line in a and b. The broken

lines in ¢ are theoretical fitting curves for the extraction of the effective mass.
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Supplementary Figure 3 | Magnetotransport of the Cd;_,Zn,);As, films with lower Zn con-
centration. Transverse and longitudinal magnetoresistances (MRs) for = 0.06 (a) and x = 0.09
(b) measured with a pulsed field up to 55 T. Hall resistance 2, is shown on the right axis. Second
derivative of the MRs as a function of 1/B are also shown in ¢ for x = 0.06 and in d for = = 0.09.

Filled squares indicate the surface oscillations while open circles indicate the bulk oscillations.
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Supplementary Figure 4 | Fourier analysis of the bulk and surface quantum oscillations.

Surface quantum oscillations extracted from the mangetoresistance data and their Fourier analysis

results of the (Cd,_,Zn,)3Ass films (a,b for z = 0, ¢,d for 0.06, e.f for 0.09, g,h for 0.14, i,j for

0.17, and k.1 for 0.19). Fg(F5s) denotes the frequency of the bulk (surface) oscillations.
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Supplementary Figure 5 | Zn concentration dependence of the surface oscillation frequency.
Extracted surface oscillation frequency (Fg) as a function of bulk oscillation frequency (Fp) for

the (Cd;_,Zn,)3As, films. Data on bulk CdsAs, taken from literature®® are also plotted.
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Supplementary Figure 6 | Field angle dependence of the surface quantum oscillations. a,
Magnetoresistance of another = 0.19 sample with a thickness of 90 nm at different field angles
tilted from the current to the out-of-plane direction at 2 K. (vertically shifted for clarity). b, Second
derivative of the magnetoresistance plotted against the inverse of the out-of-plane field component
1/Bcos(m/2 — 0) (vertically shifted for clarity). Filled squares indicate the surface oscillation
valleys, while the open circles indicate the bulk N = 4 peak. ¢, Landau fan diagrams for the
surface oscillations at different field angles. The inset shows the field angle dependence of the

oscillation frequency Fs normalized to the 6 = 90° value.
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Supplementary Figure 7 | Field angle dependence and temperature dependence of the surface
quantum Hall states. a,b, Field angle dependence of the surface quantum Hall states in the
x = 0.15 sample at 2 K. Filled squares indicate the quantum Hall plateaus, while open circles
indicate the bulk NV = 2 peak. ¢, Temperature dependence of the quantum Hall states at § = 90°.
The inset presents the field angle dependence of the oscillation component at 50 K. d, Field angle

dependence of the quantum Hall plateaus (v = 5, 7, and 9) at 2 K.
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Supplementary Figure 8 | Carrier density analysis of the surface quantum Hall states. Elec-
tron density involved in the surface quantum Hall states (nop qug) plotted against the total sheet
density (n2p nai) obtained from the low-field Hall measurement. The data for x = 0.15 (Fig. 3)
and z = 0.19 (Vo= —8, —9, and —10 V in Fig. 4) is presented together with Cd3As, nano-plate

data from previous studies® '°.
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Supplementary Figure 9 | Gate-modulation of the electron density and the surface quantum
Hall states. a, Top-gating configuration adopted for electrostatic gating of the (Cd;_,Zn;)3As,
films. b, Gate-voltage V(; dependence of sheet carrier density nop for the x = 0.19 sample.
Longitudinal resistance I?,,, Hall resistance I?,,, (upper panel) and second derivative of R, (lower
panel) plotted against nop for B =4 (c¢), 6 (d), and 9 T (e). The bottom axis nop is shown in the unit
of eB/h so that the change in nyp provides an estimate of the change in the filling factor ». Contour
mappings of the second derivative of transverse (f) and longitudinal (g) magnetoresistances as a

function of V; and field B for a x = 0.14 sample.
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Supplementary Figure 10 | Possible surface magnetic orbits in (Cd; _,Zn,);As, films. a, Con-
ventional magnetic orbit localized on each slab surface, which is formed by the deformation of
the two Fermi-arcs into a closed Fermi contour. b,c, Magnetic orbits formed by jointed bulk and
surface states. While the non-chiral bulk Landau Levels connect the two Fermi-arcs on the same
surface in b, the chiral N = 0 bulk level connects the two Fermi-arcs on the opposite surfaces by

transferring charges across the slab thickness ¢ as shown in c.
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Supplementary Note 1 | Mobility, electron density, and mean free path of the (Cd; _,Zn,);As,

films.

(Cdy_,Zn,)3As, (112) films were grown by the combination of pulsed laser deposition and sub-
sequent thermal annealing. The detailed procedure and resulting crystalline quality of the film
samples are reported in our previous papers'™. Supplementary Fig. 1a summarizes electron mo-
bility i as a function of density n of the (Cd;_,Zn;)3As, films. The results of electrostatic gating
for the z = 0.14 and * = 0.19 samples are also plotted (green and yellow triangles, respec-
tively). Increasing the Zn concentration over + = (.19 leads to a systematic decrease in the
mobility. Supplementary Fig. 1b shows the mean free path calculated by using the following for-
mula; [, = vpT = pm*vgp/e. e is the elementary charge and the values of Fermi velocity vr and
effective mass m* of the (Cd;_,Zn,)3As, films were previously reported in Ref. 3, where both
m* and vy show an overall decreasing tendency upon increasing the Zn concentration. For all
the x < 0.21 samples, the mean free path exceeds the film thickness (85~100 nm), meeting the
requirement for observing the unconventional magnetic orbit formed across the bulk thickness in

the Dirac semimetal phase.
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Supplementary Note 2 | Extraction of the effective mass from the temperature dependence

of the quantum oscillations.

The effective mass m* of the bulk and surface states in Fig. le was extracted from the tempera-
ture dependence of the quantum oscillations using the Lifshitz-Kosevich formula*. Supplementary
Figs. 2a and 2b summarize the temperature dependence of the transverse magnetoresistance of the
100 nm thick CdsAs, film presented in Fig. 1. The oscillation component from the surface state
decays quickly with increasing the temperature, and the oscillations from the bulk state become
more evident above 50 K. A similar tendency has been also reported for (112) bulk nano-plates in
previous studies’-® To extract the oscillation amplitude, the non-oscillating background determined
by the oscillation nodes (d*R,,/dB?* = 0)° was first subtracted from the raw data. Because the
surface quantum oscillations are typically superimposed on those of the bulk, the bulk component
was treated as a background exceptionally when extracting the surface oscillation amplitude. The
extracted oscillation amplitude and its temperature dependence are presented in Fig. 1d. m™ is ob-
tained by fitting the temperature dependence of the normalized oscillation amplitude AR,/ R, (0)
with the function x/ sinh(x). Here, R,.(0) is the zero-field resistance, and x = 27?m*kpT/ehB,
where # is the reduced Planck constant and kg the Boltzmann constant. Supplementary Fig. 2c
presents the fitting of oscillation amplitudes for representative peaks and valleys indicated by a
symbol with a vertical broken line in Supplementary Figs. 2a and 2b. The larger m* is ascribed to

the surface state (filled square), while the smaller ones originate from the bulk state (open circles).
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Supplementary Note 3 | Fourier analysis of the surface quantum oscillations in the (Cd;_,Zn,);As;

films

Supplementary Fig. 3 summarizes out-of-plane transverse (¢ = 90°) and in-plane longitudinal
magnetoresistances (MRs) (0 = 0°) for x = 0.06 (3a) and z = 0.09 (3b). 6 is the angle between
magnetic field B and current /. As clearly seen in the second derivative of the MRs (Supplementary
Figs. 3c and 3d), an oscillation component with a higher frequency than that of the bulk is observed
in the transverse MR for both the samples, indicating the contribution from the surface state of the
Dirac semimetal phase. The Fourier analysis results of the surface and bulk oscillations observed
for x < 0.19 are presented in Supplementary Fig. 4. The high field range with well developed
quantum Hall states is avoided for the Fourier transformation. The surface oscillation frequency
Fy is well resolved from the bulk oscillation frequency Fz. We note that an apparent splitting
of surface quantum oscillations due to degeneracy lifting is observed in higher fields, resulting
in the appearance of higher harmonic peaks. Supplementary Fig. 5 presents Fg vs. Fp for the
(Cd;_,Zn,)3As, films together with bulk data in previous studies®®. The Fs/Fy ratio of the non-
doped (112) film is on the same trend as the previous (112) surface data taken on Cd3As, bulk
nano-plates. The relative shrink of Fg compared to Fp with increasing the Zn concentration x is

also consistent with the picture of Zn-doping-induced topological phase transition.
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Supplementary Note 4 | Field angle dependence of the surface quantum oscillation.

Supplementary Fig. 6a summarizes bulk and surface quantum oscillations of another z = 0.19
sample with different thickness from the one shown in Fig. 4. Supplementary Fig. 6a presents
magnetoresistance curves with the magnetic field tilted from the current direction to the out-of-
plane direction, and Supplementary Fig. 6b shows their second derivative. As the out-of-plane
field component B cos (7/2 — ) increases, quantum oscillations from the surface state emerge,
complicating the oscillation patterns. Supplementary Fig. 6¢ presents the Landau fan diagrams of
the surface oscillation peaks and valleys at different field angles. The surface oscillation frequency
Fs extracted by a linear fit exhibits the 1/ cos (/2 — ) dependence (inset of 6¢), consistent with

the two-dimensional nature of the surface transport.

Supplementary Note 5 | Field angle dependence and temperature dependence of the surface

quantum Hall states.

Supplementary Figs. 7a and 7b summarize field angle dependence of the surface quantum Hall
states in the x = 0.15 sample at 2 K (shifted vertically for clarity). The quantum Hall states
develop around the bulk oscillation valley and the strict quantization of Hall resistance R, can
be observed from § = 90° down to 40°. Due to the larger effective mass of the surface state,
the surface quantum Hall states quickly fade away with increasing temperature (Supplementary

Fig. 7c). At 50 K, only the quantum oscillations from the bulk Fermi surface are observed as
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indicated by their field angle dependence in the inset. Supplementary Fig. 7d presents the field
angle dependence of the quantum Hall plateau positions which follows the 1/ cos (7/2 — 6) curve

expected for the two dimensional quantized states.

Supplementary Note 6 | Carrier density analysis of the surface quantum Hall states.

Supplementary Fig. 8 presents the carrier density involved in the surface quantum Hall states
nop,QHE as a function of the total sheet carrier density nop wan for the (Cd;—,Zn,)3As, films as well
as Cd3As, bulk nano-plates in previous studies”'?. nop qug is calculated from the field position
B and the filling factor v of each quantum Hall state according to the relation nop que = veB/h
(e is the elementary charge and h is the Planck constant). nap pan is obtained from the low field
Hall measurement. Interestingly, nop que almost equals to nap pan for all the samples showing
well developed quantum Hall plateaus. nap pan should include not only the electrons occupying
the surface states but also those in the bulk states. Therefore, the commonly observed relation of
Nop,QHE = N2D,Han 10 the surface quantum Hall states indicate that all sheet carriers including those
in bulk states are involved in the two-dimensional quantized transport. While a naive interpretation
for such an observation would be carrier redistribution possibly induced by the unique magnetic
orbits weaving the bulk and surface states together, further investigations are required to clarify the
details of quantization mechanism of the emergent surface transport. We also note that because
the quantization fields are determined by the total sheet carrier density (1/B = ve/nop ganh =

ve/tnsp manh, t is the film thickness and nsp pay is the density per volume), the surface quantum
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Hall states may not be explained simply by extending the semiclassical formula originally proposed

7T26

4
hEs

for Weyl orbit quantum oscillations!! (1/B = (n+vy— t%) where Fg is the area enclosed
by the surface states, n the Landau index, v the phase correction term, £y the Fermi level, and v

the Fermi velocity along the field ) to the quantized transport.

Supplementary Note 7 | Gate-modulation of the electron density and the surface quantum

Hall states.

The electrostatic depletion of the electron density in (Cd;_,Zn,)3Ass films was conducted by
adopting a top-gate configuration (Supplementary Fig. 9a). Supplementary Fig. 9b shows Vg
dependence of the sheet carrier density nop. In quantum Hall states, each Landau level has a
degeneracy of eB/h, and thus, the change Av in the filling factor v when sweeping V(; at a fixed
field corresponds to a change of the sheet electron density by AveB/h. In Supplementary Figs. 9c-
9e, the resistance 1., and its second derivative are presented as a function of nyp for representative
magnetic fields (B =4, 6, and 9 T). Hall resistance R, is also shown on the right axis. While the
filling factors at each V scan in Fig. 4 are mainly assigned by referring to the values of R, the

assignment can also be verified from the change in nop between neighboring oscillation valleys.

Supplementary Figs. 9f and 9g show the V;-B contour mapping of the quantum oscillations
for a x = 0.14 sample. Similarly to the x = 0.19 case presented in Fig. 4, the contribution of
the surface quantum transport starts to dominate the transverse magnetoresistance upon decreasing
electron density (Supplementary Fig. 9f). The characteristic four-fold degeneracy of the quantum
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Hall states can also be observed. Due to the decreased mobility by gating (Supplementary Fig. 1a),
the quantization of R, are too weak to allow a precise determination of the filling factors in lower

fields.

Supplementary Note 8 | Possible surface magnetic orbits in (Cd;_,Zn,);As, films.

To produce quantum oscillations from the Fermi-arc state under magnetic fields, two Fermi-arc
states need to be interconnected to complete a closed magnetic orbit. A Dirac semimetal (DSM)
consists of two copies of a Weyl semimetal (WSM) with opposite chirality, which are protected
from mixing by the crystal rotational symmetry. On each surface of a DSM slab, there exist two
Fermi arcs curving in opposite directions and meeting at bulk Weyl points (or bulk Fermi pockets).
Therefore, unlike the case of WSM, there are several possible ways for the Fermi-arcs in DSM to

form a closed orbit under magnetic fields.

One is that the double Fermi-arcs on the same surface deform into a closed Fermi contour
to form a conventional orbit. Kargarian et al. have reported that the double Fermi-arcs are not
topologically protected and a perturbation leading to the Fermi-arcs deformation can exist in gen-
eral without gapping the bulk nodes'2. When the Fermi level is low, the Fermi contour no longer
merges with the bulk states, giving rise to magnetic orbits which are independently localized on
each slab surface (Supplementary Fig. 10a). When the Fermi level is high, on the other hand, the
bulk Fermi pockets start to merge with the Fermi contour, and the situation becomes similar to the
case where the double Fermi-arcs terminate at the bulk Fermi pockets. Then, the closed magnetic
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orbits are formed not only within the surface states but rather via the bulk states connecting the
two fermi-arcs. In DSM, there are two kinds of bulk states under the fields; a chiral N = 0 Landau
level (LL) and non-chiral N # 0 LLs'3. The chiral N = 0 LL can transfer electrons from one slab
surface to the other across the slab thickness, while the non-chiral LLs cannot. Therefore, there
are two possible patterns in the bulk-involved magnetic orbits; one is a conventional orbit formed
by two Fermi-arcs on the same slab surface (Supplementary Fig. 10b) similar to the topological
insulator case (Fig. 1c), and the other one is the Weyl orbit with two Fermi-arcs on the opposite

slab surfaces connected via the bulk N = 0 LL (Supplementary Fig. 10c)

As shown in Fig. 4b (x = 0.19) and Supplementary Fig. 9f (x = 0.14), a four-fold degeneracy
has been observed in the surface quantum states during the electrostatic gating. The observed
degeneracy cannot be explained by the conventional surface orbits depicted in Supplementary Fig.
10a, where the degeneracy is only 2. Taking into account the number of occupied bulk Landau
states, the four-fold degeneracy suggests the involvement of the bulk states in the formation of the
surface magnetic orbits, and possible coexistence of two different kinds of orbits. At this point,
however, whether the Weyl orbits are realized via the bulk N = 0 modes is not clear. At large
gate-voltage V(; or at high fields, the two-fold degeneracy of the remaining N = 0 orbits eventually
reduced to 1. This Zeeman-splitting-like degeneracy lifting from 2 to 1 has been also confirmed
in other (Cd;_,Zn,)3As, films under pulsed fields up to 55 T (such as shown in Fig. 1d), as well
as in low-carrier density bulk nano-plates in previous studies® !°. While a naive expectation would

be that the Weyl orbits in DSM should be always doubly degenerate due to the preserved inversion
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symmetry and lifting of the two-fold degeneracy seems to contradict the Weyl orbit scenario, we
note that the effect of high field application on the DSM can be complicated due to the competition
between rotational symmetry (RS) breaking and time-reversal symmetry (TRS) breaking effects.
Depending on which effect dominates, there are several possibilities where the paired Weyl orbits

in DSM can exhibit a degeneracy lifting as discussed below.

One is a RS-breaking-induced transition from the Weyl orbits (Supplementary Fig. 10c) to
the conventional surface orbits (Supplementary Fig. 10b) in a high-field or low-density regime. In
fact, the field configuration for realizing the Weyl orbits in DSM always breaks its RS leading to a
gap Ap in the bulk chiral modes. It has been theoretically discussed that when the energy gap Ap
becomes comparable to the Fermi level Ey, the electrons cannot tunnel across the bulk anymore!'.
The resulting conventional surface orbits (Supplementary Fig. 10b) can show lifting of the two-
fold degeneracy due to any asymmetric conditions between the top and bottom surfaces, such as
induced by gating or interfaces in film samples. We also note that application of strong electric field

on one surface may also induce a similar transition from unconventional to conventional surface

orbits especially when Er is low due to the asymmetric Weyl points shift between the two surfaces.

Another possibility is the TRS breaking induced phase transition from DSM to WSM. If the
exchange energy between the field and the bulk orbitals dominates Ap, the DSM phase is first
driven into TRS broken WSM!“. In this case, the RS is no longer necessary to protect the bulk

chiral mode, and the Weyl orbits (Supplementary Fig. 10c) can be maintained. The topological
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phase transition process depends on the magnetic field strength and field direction and can result
in an asymmetric change of the Fermi-arc length between the two Weyl orbits, lifting the two-fold
degeneracy. Again, this degeneracy lifting effect may be further enhanced by gating or interface
asymmetry in the case of film samples. Therefore, the observed two-fold degeneracy lifting does
not exclude the Weyl orbit scenario, though further investigations are required to unambigiously

identify the detailed surface orbits and their underlying quantization mechanism in DSM.
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