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Abstract

Magnetic doping of topological quantum materials provides an attractive route for studying the

effects of time-reversal symmetry breaking. Thus motivated, we explore the introduction of the

transition metal Mn into thin films of the Dirac semimetal Cd3As2 during growth by molecular

beam epitaxy. Scanning transmission electron microscopy measurements show the formation of a

Mn-rich phase at the top surface of Mn-doped Cd3As2 thin films grown using both uniform doping

and delta doping. This suggests that Mn acts as a surfactant during epitaxial growth of Cd3As2,

resulting in phase separation. Magnetometry measurements of such samples indicate a ferromag-

netic phase with out-of-plane magnetic anisotropy. Electrical magneto-transport measurements

of these films as a function of temperature, magnetic field, and chemical potential reveal a lower

carrier density and higher electron mobility compared to pristine Cd3As2 films grown under similar

conditions. This suggests that the surfactant effect might also serve to getter impurities. We ob-

serve robust quantum transport (Shubnikov-de Haas oscillations and an incipient integer quantum

Hall effect) in very thin (7 nm) Cd3As2 films despite being in direct contact with a structurally

disordered surface ferromagnetic overlayer.

I. INTRODUCTION

Magnetic doping of quantum materials such as semiconductors and topological insulators

(TIs) is a well established route to the discovery of interesting emergent quantum phenomena

[1–5]. Magnetically-doped semiconductors such as (Ga,Mn)As have provided an important

platform for proof-of-concept spintronic devices [6] while magnetic doping of certain TIs has

led to the discovery of the quantum anomalous Hall effect [7–9]. In the latter case, the key

physics is driven by the breaking of time-reversal symmetry by ferromagnetic order induced

by the exchange interaction between transition metal dopants (Cr, V, Mn, and Fe) and the

extended band states of the TI in the (Bi,Sb)2(Te,Se)3 family.

The success of transition metal doping of semiconductors and TIs provides a strong

motivation for exploring similar magnetic doping of other topological materials such as

topological Dirac semimetals [10–15]. Topological Dirac semimetals host three-dimensional

Dirac fermions and can be identified as a parent phase of other topological phases, for
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instance, Weyl semimetals [16, 17]. Introducing magnetic dopants into a Dirac semimetal

to break the time-reversal symmetry could lead to the degenerate Dirac fermions separating

into two (or four) Weyl fermions and a Weyl semimetal phase [18].

In the last decade, Cd3As2 has been theoretically predicted [19] and experimentally

demonstrated [12–14] to be a Dirac semimetal. High-quality Cd3As2 thin films have been

successfully grown using molecular beam epitaxy (MBE) [20–22] and exhibit the quantum

Hall effect [21, 23, 24]. In a recent study, we also used in vacuo angle resolved photoemission

spectrscopy (ARPES) to show that MBE-grown Cd3As2 films (30 nm thick) exhibit a Dirac

semimetal band structure identical to that seen in bulk crystals [25]. The past success of

MBE growth of magnetically-doped semiconductors provides a strong motivation to explore

magnetic doping of MBE-grown Cd3As2 thin films as a route toward breaking time-reversal

symmetry [18] for realizing novel topological phases such as magnetic Weyl semimetals [26–

28] and monopole superconductors [29]. Prior investigations on magnetically doped Cd3As2

have been very limited, both in bulk crystals [30] and in thin films [31, 32]. We are aware

of only two published reports on attempts to magnetically dope Cd3As2 thin films using Cr

[31] and Mn [32]. These studies principally relied on electrical magnetoresistance (MR) mea-

surements to draw conclusions about the effect of magnetic dopants on the Dirac semimetal

states and assumed that the magnetic dopants were homogeneously distributed throughout

the Cd3As2 film.

In this paper, we describe our attempts to use MBE to dope Mn into the Dirac semimetal

Cd3As2. We present a systematic structural and magnetic study of heterostructures us-

ing high-angle annular dark-field scanning transmission electron microscopy (HAADF-

STEM), energy dispersive X-ray spectroscopy (EDX), atomic force microscopy (AFM),

high-resolution X-ray diffraction (XRD), superconducting quantum interference device

(SQUID) magnetometry, and electrical transport. We find that instead of being incor-

porated into the Cd3As2 lattice, the Mn dopants form a Mn-rich layer on the top of the

Cd3As2 layer. The Mn-rich layer shows insulating behavior and lowers the carrier density

in the Cd3As2 layer underneath. Remarkably, even though the Mn-rich phase/Cd3As2 het-

erostructure exhibits ferromagnetism at room temperature with out-of-plane anisotropy, the

samples show pronounced quantum oscillations and an incipient integer quantum Hall effect

at low temperature.
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II. EXPERIMENTAL METHODS

The Mn-doped Cd3As2 thin films were grown by MBE in a Veeco EPI 930 chamber. We

used epi-ready miscut semi-insulating GaAs (111)B substrates (1◦ toward (21̄1̄)). Elemental

source materials were evaporated from standard effusion cells containing As (99.999995%),

Ga(99.99999%), Sb(99.9999%), Cd (99.9999%), and Mn (99.9998%). The epi-ready GaAs

substrates were first annealed inside the MBE chamber to flash off the native oxide at a

thermocouple temperature of 720 ◦C (the actual temperature is likely 580 ◦C). Then, we

deposited a thin (∼ 2nm) GaAs layer at the same substrate temperature to smooth the

surface. Subsequently, the substrates were cooled down to 480◦C under As4 flux for the

growth of the GaSb buffer layer with an Sb/Ga beam equivalent pressure (BEP) ratio of

7. We note that the both the GaAs and GaSb layers are highly insulating, as confirmed

by control measurements. The substrates were then cooled down to 400 ◦C under Sb4 flux,

and further cooled down to 180 ◦C after closing the Sb shutter for the growth of Mn-doped

Cd3As2. Once the sample temperature was stable at 180 ◦C, we used the Cd, As, and Mn

effusion cells with BEP of Cd around 6×10−8 Torr, As around 2×10−8 Torr and Mn around

1.2 × 10−9 Torr.

For cross-sectional HAADF-STEM imaging and STEM-EDX elemental mapping, we pre-

pared TEM lamella for STEM analysis on a FEI Helios Nanolab G4 dual-beam Focused Ion

Beam (FIB). Amorphous carbon was first deposited on the films to protect the surface from

damage due to exposure to the ion beam. STEM imaging and EDX spectroscopy were

performed on an aberrationcorrected FEI Titan G2 60-300 (S)TEM microscope equipped

with a CEOS DCOR probe corrector and a super-X EDX spectrometer. The microscope

was operated at 300 keV. We acquired HAADF-STEM images with a probe convergence

semi-angle of 25.5 mrad and detector inner and outer collection angles of 55 and 200 mrad

respectively.

Measurements of the magnetization of the thin films were carried out over a temperature

range 10 K ≤ T ≤ 300 K and magnetic field up to B = 3 T in a Quantum Design SQUID

magnetometer with the sample mounted in a straw for field parallel to and field normal to

the sample plane. The diamagnetic background signal of the GaAs substrate was measured

separately so that its field dependence could be reliably subtracted.

For electrical transport measurements, we patterned the thin film samples into 40 µm ×
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10 µm Hall bar devices using photolithography and Ar+ plasma dry etching. The top gate

was defined by a 30 nm Al2O3 dielectric layer and Ti(5 nm)/Au(50 nm) contacts deposited

by atomic layer deposition and electron beam evaporation, respectively. MR and Hall effect

measurements were carried out in a Quantum Design Physical Properties Measurement

System over a temperature range 2 K ≤ T ≤ 300 K and in magnetic fields up to B = 9 T.

III. RESULTS AND DISCUSSION

We attempted to grow Mn-doped Cd3As2 thin films using two methods: uniform doping

wherein the Mn flux is constant during the growth of Cd3As2 and the delta doping method

wherein we interrupt the growth of Cd3As2 and deposit a fractional monolayer of MnAs.

The latter approach has been effective in magnetic doping of II-VI and III-V semiconductors

[33, 34]. While we focus our discussion of structural characterization on a sample grown

using the uniform doping method, we note that both growth methods resulted in films with

similar characteristics. Reflection high-energy electron diffraction (RHEED) measurements

during the growth showed streaky patterns in either approach, indicating a relatively flat

surface with some disorder even when depositing a Mn-rich layer (Fig. 1(a). Post-growth, we

carried out ex situ AFM measurements (Fig. 1(b)) that indicated a root mean square surface

roughness of 1.77 nm over an area of 10 × 10 µm2. The steps in the AFM image are due

to the miscut substrate; these help prevent twinning defects and improve the quality of the

sample. The 1×1 µm2 AFM image in Fig. 1(b) shows the atomic steps of the heterostructure,

indicative of the epitaxial growth of the heterostructure. Figure 1(c) compares the XRD

scan of a nominally uniformly Mn-doped Cd3As2 film of nominal 25 nm thickness; the plot

compares this XRD scan with that of a pristine Cd3As2 film. We observe extra diffraction

peaks in the Mn-doped film suggesting the presence of an extra phase. However, from the

XRD scan alone, we are unable to identify the crystal structure of this phase.

To understand the crystalline structure and elemental distribution within the heterostruc-

tures, we now discuss the TEM measurements obtained from a uniformly Mn-doped Cd3As2

film of nominal 15 nm thickness. Measurements taken on a delta-doped film of similar

thickness yield qualitatively similar results (see Fig. S1 in Supplementary Materials [35]).

High magnification HAADF-STEM images of the film cross-section revealed a crystalline

Mn-Cd3As2 film of thickness ∼ 13 nm, epitaxial to the GaSb substrate (Fig. 2(a)). A
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uniform amorphous-like layer (∼ 5 nm thick) of darker contrast is seen on top of the film.

STEM-EDX elemental mapping, shown in Fig. 2(a), was used to obtain compositional

information from the heterostructure. Surprisingly, instead of incorporating Mn throughout

the film, the growth procedure, illustrated in Fig. 2(b), produced a segregated Mn-rich

phase at the top surface of the Cd3As2 film. The resultant structure is visible in the EDX

maps and illustrated in Fig. 2(c).

Averaging the results from several STEM-EDX data sets revealed that the darker contrast

region seen in STEM images on top of the Cd3As2 film is primarily composed of a Mn-oxide

phase with small traces of Cd and As (O: 49 at%, Mn: 39 at%; Cd and As: 12 at%). While

most of the Mn migrated to the surface, EDX analysis revealed < 5 at% Mn content in the

Cd3As2 film layer, indicating some doping of the films with Mn. In addition to the uniform

Mn-rich layer, some regions exhibited islands rising out of the film surface with more mixing

between the Mn, Cd and As (Cd: 17.3 at%, Mn: 27.4 at%, O: 24.5 at%, As: 29.8 at%).

These islands were mostly amorphous with some crystalline regions closer to the surface of

the film. The phase separation seen from the STEM-EDX data is supported by the low

solubility of Mn in Cd3As2. As a result, even for the MBE growth under non-equilibrium

conditions, it is hard to overcome the kinetic barrier to form Mn-doped Cd3As2[36].

Since our attempt to introduce magnetic dopants into Cd3As2 thin films inadvertently

resulted in a phase-segregated heterostructure wherein a Mn-rich compound is cleanly in-

terfaced with a Cd3As2 film, two important questions arise. First, is the Mn-rich phase

magnetically ordered? If so, how does its presence affect the electronic transport proper-

ties of the Cd3As2 film with which it is directly interfaced? Naively, one might anticipate

that interfacial exchange interaction between the magnetic moments in the overlayer and

the band electrons in the Cd3As2 film would result in a degradation of the mobility due to

spin-dependent scattering. We now address the magnetic and electrical transport properties

of these Mn-doped Cd3As2 films. Since we have established that the actual sample structure

consists of a thin Mn-rich overlayer interfaced with a Cd3As2 film regardless of the growth

method used, we will refer to the samples being measured as heterostructures with x nm

Mn-rich layer/y nm Cd3As2.

We first discuss SQUID magnetometry measurements of a 1 nm Mn-rich layer/ 7 nm

Cd3As2 heterostructure that results from the delta-doping method with 6 repeats of (sub-

monolayer MnAs/1.25 nm Cd3As2); the thicknesses in the final structure are estimated from
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HAADF-STEM measurements of a thicker sample using similar conditions with twice the

thickness. Figure 3 (a) shows the magnetization (M) versus field (H) at T = 10 K for

this sample with the field in plane and out-of-plane. A diamagnetic background has been

subtracted in these plots. Zoomed in views of M vs. H for field in-plane (Fig. 3(b)) and

out-of-plane (Fig. 3(c)) show hysteresis loops with a very large coercive field (∼ 80 mT) in

the former case and much smaller coercive field (∼ 10 mT) in the latter. The behavior of

the coercive field and the saturation field for the two field orientations are consistent with

ferromagnetism in the sample with a strong out-of-plane magnetocrystalline anisotropy. This

could arise from an inhomogeneous distribution of Mn forming complex nanoscale cluster

phases with the other elements present in the TEM analysis (primarily O, but also containing

Cd and As). We note that the most commonly known compounds involving Mn and O

(MnO and Mn3O4) are antiferromagnetic and feromagnetic, respectively. A more detailed

understanding of the origin of ferromagnetism in such samples will require measurements

such as x-ray magnetic circular dichroism and polarized neutron reflectometry.

Next, we discuss electrical transport in this 1 nm Mn-rich layer/ 7 nm Cd3As2 heterostruc-

ture. All the MR and Hall effect data shown have been properly field symmetrized or anti-

symmetrized, respectively. Figure 3(d) shows the results of such measurements at T = 2 K.

Surprisingly, despite the presence of the ferromagnetic overlayer in direct contact with the

Cd3As2 film, we observe pronounced quantum oscillations and even an incipient quantum

Hall effect indicated by a Hall resistance plateau corresponding to ρxy = 1
6

h
e2

= 4.3 kΩ.

The latter indicates that the quantum transport is produced by a two-dimensional (2D)

electron gas, a conclusion further confirmed via MR measurements at different orientations

of the magnetic field from the sample normal (see Fig. S2 in Supplementary Materials [35].

We searched for possible signatures of an exchange coupling between the electrons in the

Cd3As2 layer and Mn moments in the overlayer. Since the easy axis of the Mn-rich layer is

out-of-plane according to our SQUID measurements, an exchange coupling between carriers

in Cd3As2 and the Mn moments should lead to hysteresis in the field dependence of the Hall

resistance and also to the MR from modifications to the quantum corrections to diffusive

transport. Figure 3 (e) shows a careful sweep of the longitudinal MR and the Hall effect in

the field range -0.1 T ≤ B ≤ 0.1 T. The low field MR shows a non-monotonic dependence

on magnetic field with an initial positive MR followed by a sudden change to a negative MR

at a field close to the coercive field observed in SQUID magnetometry. The negative MR at
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fields higher than the saturation field of the ferromagnetic layer may indicate a reduction

in spin-dependent scattering. In contrast, pristine Cd3As2 films grown under similar con-

ditions only show a positive MR for field perpendicular to the sample plane (see Fig. S3

in Supplementary Materials). We do not see any obvious signs of hysteretic or non-linear

Hall resistance. It is possible that with the step size used in the magneto-transport mea-

surements (0.01 T), we might not be able to resolve these differences given how quickly the

magnetization saturates with field along the anisotropy axis and the narrowness of hysteresis

loop.

To further understand the effect of the Mn-rich overlayer on quantum transport, we

analyzed the quantum oscillations in the heterostructure and compared the behavior with

MR measurements in pure Cd3As2 thin films grown under similar conditions. For the 1

nm Mn-rich layer/ 7 nm Cd3As2 heterostructure, the amplitude of quantum oscillations

gradually decreased with increasing temperature but remained finite up to about T = 100 K

as shown in Fig.4(a). We note that the ν = 6 quantum Hall plateau mentioned earlier was

observable up to T = 20 K in Fig. 4(b). To extract the carrier density, mobility, and effective

mass of the carriers involved in quantum transport, we studied the temperature dependence

of the quantum oscillations (Figs. 4(c) and 4(d)). The carrier density and mobility were

calculated using both the Drude model and quantum oscillations. Using the Drude model,

we find a carrier density n = 9.5 × 1011cm−2 and a mobility µ = 9200 cm2/Vs at T = 2 K.

The analysis of quantum oscillations yields n = 7.2 × 1011cm−2. The higher carrier density

deduced from Drude analysis compared to that obtained from quantum oscillations indicates

the presence of low-mobility carriers that do not contribute to the quantum oscillations. The

band origin of the low mobility carriers is not clear at this stage. By fitting magnetic field

and temperature dependence of the amplitude of the quantum oscillations using the standard

Lifshitz-Kosevich formula [21], we extracted an effective mass m∗ = 0.04me and a quantum

mobility µq = 1016 cm2/Vs. This light effective mass is due to the Dirac dispersion and is

in good agreement with previous studies of Cd3As2 thin films [21, 23, 37].

Figure 4(c) also shows the carrier density and the mobility of a pure 7 nm Cd3As2 thin film

(at T = 2K) calculated from the Drude model; this film was grown under nominally identical

conditions (substrate temperature and Cd:As flux ratio) to those used for the growth of Mn-

delta-doped samples. The carrier density in the pure film is about 20% higher and the Drude

mobility is about 50% lower than in the Mn-doped film. This combination of lower mobility
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and higher carrier density leads to an absence of quantum oscillations at the magnetic fields

used on our study (see data in Fig. S3 of the Supplementary Materials [35]). Our findings

suggest that the Mn-rich layer does not contribute to the transport signal and perhaps

passivates the Cd3As2 layers underneath from electronegative OH-surface adsorbates [38].

We also speculate that the presence of Mn dopants during growth may limit the arsenic

deficiency which is believed to contribute to electron doping, thus leading to a lower carrier

density.

Although the Mn-rich layer lies between the Cd3As2 layer and the top gate, it does not

appear to affect the efficiency of an electrostatic top gate. As shown in Fig. 4(e) and 4(f),

the chemical potential of the heterostructure can be tuned from n-type to p-type by applying

a top gate voltage to move the chemical potential through the charge neutral point. Based

upon our past ARPES measurements in pristine Cd3As2 thin films [25], it is reasonable to

identify this charge neutral point as the Dirac node or, more likely, its vestige in the quantum

confined thin film regime. We only observed quantum oscillations in the positive gate voltage

regime and not at negative gate voltage. This is consistent with quantum transport being

dominated by high mobility n-type carriers when the chemical potential is positioned above

the charge neutral point as opposed to contributions from low mobility p-type carriers when

the chemical potential lies below the charge neutral point. We also note that the incipient

quantum Hall plateau is only observable only around the charge neutral point near zero gate

voltage.

We now discuss our quantum transport results in the context of prior experimental studies

of quantum oscillations and the quantum Hall effect in pristine (non-magnetic) Cd3As2 thin

films. The observation of the integer quantum Hall effect in various Cd3As2 thin films of

varying thickness (10 nm - 70 nm) and on different substrates [21, 23, 39] clearly indicates

quantum transport occurs in a 2D electron system. However, a complete understanding of

its origin in the different experimentally studied regimes of film thickness is still lacking. In

Cd3As2 films of sufficient thickness to still preserve the Dirac point, quantum oscillations

and the quantum Hall effect can arise from Weyl orbits that connect doubled surface Fermi

arcs on the top and bottom surfaces [40]. A recent systematic study of the thickness-

dependence of the quantum transport in top-gated Cd3As2 thin films in the thickness range

10 - 60 nm cautions against the ready interpretation of experimental observations in terms

of Weyl orbits [24]. The quantum Hall effect in Cd3As2 thin films can also arise from 2D

9



quantum confined bulk states [19], topological surface states (closed surface Fermi pockets)

[41], or surface Fermi arcs [42]. The density functional theory calculations reported in

the last reference indicate that surface Fermi arcs likely survive in Cd3As2 films down to

the thicknesses studied experimentally here [42]. At this stage, we do not have sufficient

data to rigorously distinguish between these various scenarios. But could the survival of

clear quantum transport in the presence of a highly structurally disordered ferromagnetic

interface at the top surface provide some insights? Any 2D states on the top surface, whether

topological or trivial in nature, would presumably be significantly perturbed in the presence

of the disordered magnetic layer. For example, the out-of-plane magnetization in the Mn-

rich top layer would break time reversal symmetry if exchange-coupled with the top surface

states in Cd3As2 while spin-dependent scattering would presumably lower the mobility of

both trivial and topological states. It is worthwhile pointing out that the quantum Hall effect

behavior in our Mn-Cd3As2 heterostructures has similar characteristics to that observed in

pristine Cd3As2 films of slightly greater thickness (10 nm - 12 nm) measured by others

[21, 23, 39]: for instance, we only observe quantum oscillations corresponding to even filling

factors under similar temperature and magnetic field regimes. Our results suggest that the

wave function of the 2D electron system contributing to the quantum Hall effect in ultrathin

Cd3As2 films has a maximum located away from the top and bottom surfaces, thus being

immune to perturbation by the magnetism on the top surface. At this stage, however, we

do not have a rigorous calculation to support this speculation in detail.

IV. SUMMARY

In summary, we have shown that a conventional magnetic doping approach to introducing

ferromagnetism into Cd3As2 by MBE results in a phase separation with a Mn-rich near-

surface layer capping a pristine Cd3As2 film since Mn likely acts as surfactant. The Mn-

rich region shows out-of-plane magnetic anisotropy in SQUID measurements. Surprisingly,

this ferromagnetic Mn-rich layer does not adversely affect the quantum transport in the

Cd3As2 underneath. On the contrary, compared with pure Cd3As2 thin films grown under

identical conditions, the presence of the Mn surfactant lowers the carrier density so that the

chemical potential is close to the charge neutral point and leads to an enhanced electron

mobility. The resulting 1 nm Mn-rich layer/ 7 nm Cd3As2 films show an incipient quantum
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Hall effect in transport measurements. This should become more robust if the samples are

measured at lower temperature and at higher magnetic fields. Measurements at dilution

fridge temperatures may also reveal emergent physics resulting from the presence of the

ferromagnetic overlayer. Although it is hard to dope Mn directly into Cd3As2 using MBE, it

is worthwhile to use other techniques such as polarized-neutron reflectometry to search for

magnetic proximity effects of the ferromagnetic top layer on the Cd3As2 underneath. Our

study indicates that extreme caution is called for in relying on magnetotransport data alone

as a sign of broken time-reversal symmetry in magnetically-doped Cd3As2 films, especially

in the absence of electron microscopy data [31].
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FIG. 1. (a) In situ RHEED patterns during MBE of a nominally 15 nm thick Mn-doped Cd3As2

heterostructure grown using the uniform doping approach. The electron beam is directed along

[011] (left) and [211] (right) direction. (b) Ex situ AFM images of the same sample as in panel

(a). (c) Out-of-plane XRD of a nominally 25 nm thick Mn-doped Cd3As2 heterostructure grown

using the uniform Mn-doping approach. The “extra peaks” in the XRD indicate the presence of a

Mn-rich phase of unknown composition.
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FIG. 2. (a) Low-magnification cross-sectional HAADF-STEM image of a Mn-rich phase/Cd3As2

heterostructure that results from uniform Mn-doping during MBE growth of Cd3As2. Composite

and individual EDX maps show the spatial distribution of Mn, Cd, and Sb in the heterostructure

as well as an atomic percent concentration profile across the heterostructure. Instead of being

incorporated into the Cd3As2 lattice, a segregated Mn-rich phase formed on the top of the Cd3As2

layer. (b) Schematic of the intended sample using the uniform doping method. (c) Schematic of

the actual Mn-rich phase/Cd3As2 heterostructure produced by the uniform doping growth.
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FIG. 3. Investigation of ferromagnetism in a Mn-rich layer/Cd3As2 heterostructure. (a), (b), (c)

SQUID magnetometry measurements of a 1 nm Mn-rich phase/ 7 nm Cd3As2 heterostructure at 10

K, respectively. The data suggest ferromagnetic ordering with an out-of-plane magnetic anisotropy.

The inconsistency between the saturated magnetization values in the easy- and hard-axis measure-

ments is an artifact created by the difficulty in properly handling the large filling factor when the

thin film is mounted for field in plane measurements in the SQUID. (d) Observation of Shubnikov

de Haas oscillations and an incipient integer quantum Hall effect in a 1 nm Mn-rich phase/ 7 nm

Cd3As2 heterostructure at 2 K. (e) An expanded view of the low field magnetoresistance and Hall

effect in panel (d).
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FIG. 4. Shubnikov-de Haas quantum oscillations in a 1 nm Mn-rich phase/ 7 nm Cd3As2 het-

erostructure. (a), (b) The temperature dependence of the quantum oscillations and Hall effect,

respectively. (c) Temperature dependence of the carrier density and Drude mobility. The values

of the carrier density and Drude mobility for a pristine Cd3As2 film of the same thickness are

also shown at 2 K for comparison. (d) Temperature dependence of the quantum oscillation am-

plitude at different Landau fan index (m = 3, 3.5, 4, 4.5), with integer and half-integer values of m

corresponding to MR peaks and valleys, respectively. Figure S4 in the Supplementary Materials

[35] shows the oscillations in more detail. The dashed lines are fits using the well-known Lifshitz-

Kosevich formula. (e), (f) Gate-voltage dependence of the quantum oscillations and Hall effect,

respectively.
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