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Abstract

Breaking time-reversal symmetry in a Dirac semimetal Cd3As2 through doping with magnetic

ions or by the magnetic proximity effect is expected to cause a transition to other topological

phases (such as a Weyl semimetal). To this end, we investigate the possibility of proximity-

induced ferromagnetic ordering in epitaxial Dirac semimetal (Cd3As2)/ferromagnetic semiconduc-

tor (Ga1−xMnxSb) heterostructures grown by molecular beam epitaxy. We report the comprehen-

sive characterization of these heterostructures using structural probes (atomic force microscopy,

x-ray diffraction, scanning transmission electron microscopy), angle-resolved photoemission spec-

troscopy, electrical magneto-transport, magnetometry, and polarized neutron reflectometry. Mea-

surements of the magnetoresistance and Hall effect in the temperature range 2 K - 20 K show

signatures that could be consistent with either a proximity effect or spin-dependent scattering of

charge carriers in the Cd3As2 channel. Polarized neutron reflectometry sets constraints on the

interpretation of the magnetotransport studies by showing that (at least for temperatures above 6

K) any induced magnetization in the Cd3As2 itself must be relatively small (< 14 emu/cm3).

I. INTRODUCTION

The study of the magnetic proximity effect at the interface between a ferromagnet and a

nonmagnetic material has a long history. Early measurements explored the proximity effect

in bilayers that interfaced magnetic metals (such as Cr, Fe, Ni) or ferromagnetic insulators

(EuS, YIG) with a conventional nonmagnetic metal (Al, Pd, Pt) [1, 2]. More recently, the

magnetic proximity effect has attracted attention within the context of topological quantum

materials since it may provide a means of breaking time reversal symmetry (TRS) without

the disorder introduced by magnetic doping. Most of these latter studies have focused

on topological insulators such as Bi2Se3 [3–7], but the use of a magnetic proximity effect to

perturb the symmetry-protected states can be extended to all classes of topological quantum

materials. Dirac semimetals (DSMs) provide an interesting opportunity in this context. In

a DSM, the stability of the Dirac node depends on three important symmetries: crystal,

inversion, and TRS [8]. Breaking TRS in a DSM via a magnetic field is expected to result
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in a transition to a Weyl semimetal [9, 10]. Introducing magnetic dopants that lead to long-

ranged ferromagnetic order within a DSM could accomplish the same result, but solubility of

magnetic dopants in the lattice of a host DSM can present challenges [11]. In this work, we

seek an alternative pathway for breaking TRS in the states of the archetypal DSM Cd3As2

via proximity exchange coupling with a ferromagnetic semiconductor.

Cd3As2 has attracted attention as a canonical DSM with good chemical stability [12],

extraordinarily high carrier mobility (higher than 106cm2 ·(V.s)−1 at cryogenic temperatures

in bulk crystals) [13, 14], and topologically nontrivial bulk bands created by a strong spin-

orbit interaction [15–17]. This topological quantum material provides an excellent platform

for realizing novel quantum phenomena such as the chiral anomaly and surface Fermi arcs.

In recent years, much of the interest in this DSM has turned to the study of Cd3As2 thin

films [18] where the interplay between quantum confinement and topology creates a rich

playground for studying quantum transport [19–22], engineering different topological phases

[23], and topological spintronics [24].

The DSM phase of Cd3As2 is tetragonal and belongs to the I41/acd centrosymmetric space

group [25] with lattice parameters a = 1.2633 nm and c = 2.5427 nm [26]. The preferred

growth direction for Cd3As2 thin films is ⟨112⟩. The bulk band structure of Cd3As2 is

characterized by two Dirac nodes, the points where the conical conduction and valence bands

meet, located along the tetragonal c axis of the crystal [15]. These nodes are protected from

the effects of disorder by C 4 rotational symmetry [16]. We use a ferromagnetic semiconductor

rather than a metallic ferromagnet for trying to realize the magnetic proximity effect in order

to minimize parallel transport in the FM layer; in principle, this allows transport studies of

the impact of broken TRS on quantum transport in the DSM. We note that a recent study

used transport measurements to deduce proximity-induced ferromagnetism in Cd3As2 grown

on a highly insulating ferrimagnet (a rare earth iron garnet) using a combination of pulsed

laser deposition and solid state epitaxy [27]. This is only possible using a post-growth, high

temperature anneal of the samples after capping with a protective layer. Such an approach

limits the possible heterostructure configurations and perhaps even the crystalline integrity.

We also note that the direct doping of Cd3As2 thin films with magnetic atoms (transition

metal or rare earth) is likely to be challenging due to phase separation and surfactant effects

[11].

Since the magnetic proximity effect is typically mediated by a short-ranged exchange
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interaction [28], it is important to create a sharp, chemically-ordered interface between the

ferromagnetic and non-magnetic materials. In this paper, we use molecular beam epitaxy

(MBE) to synthesize hybrid DSM/ferromagnetic semiconductor heterostructures using ma-

terials that have compatible growth temperatures and compatible surface chemistry so that

the heterointerface is well controlled. Since the epitaxial growth by MBE of Cd3As2 films of

reasonable quality on (111) GaSb/GaAs is well-established [18, 20–22, 24, 29], we use Mn-

doping of GaSb to create a ferromagnetic semiconductor “substrate.” Mn is an acceptor

in GaSb, resulting in a p-doped ferromagnetic semiconductor at Mn concentrations greater

than a few percent [30]; by using a low enough Mn concentration (∼ 3%), we can achieve

Ga1−xMnxSb layers that host ferromagnetism while still remaining much more resistive than

the overgrown Cd3As2 film. The use of a III-Mn-V ferromagnetic semiconductor to provide

a magnetic interface with a topological quantum material is similar to our past demon-

stration of proximity-induced ferromagnetism in a canonical topological insulator [4]. The

only caveat is that, unlike better established III-Mn-V ferromagnetic semiconductors such

as (Ga,Mn)As and (In,Mn)As, the ferromagnetism in (Ga,Mn)Sb has more complex origins

due to a greater tendency for the formation of MnSb clusters [30, 31]. At high substrate

temperatures, Mn-doping of GaSb yields readily observable phase-separated ferromagnetic

metal clusters of MnSb; additionally, the unusual surfactant behavior of Mn in the presence

of Cd3As2 also creates some potential challenges. At low substrate temperatures, the in-

corporation of Mn is more uniform, but the ferromagnetic behavior of (Ga,Mn)Sb films in

this regime still may involve inhomogeneous phases that are difficult to directly detect in

microscopy [30].

In this paper, we primarily study the magneto-transport properties of Cd3As2/Ga1−xMnxSb

in the temperature range 2 K ≤ T ≤ 20 K and show that the variation of the magnetoresis-

tance (MR) and Hall effect with temperature and magnetic field indicates either a magnetic

proximity effect or spin-dependent scattering at the Cd3As2/magnetic semiconductor inter-

face when it is smooth and of high quality. For further confirmation of possible proximity

effects, we then use polarized neutron reflectometry (PNR) to obtain the magnetization

profile at the interface between the DSM and the ferromagnetic semiconductor. As shown

recently, PNR measurements can be essential for ruling out misleading artifacts in transport

measurements that can mimic a magnetic proximity effect [32]. Our PNR measurements

allow us to set constraints on the interpretation of the magnetotransport, suggesting that at
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temperatures above 6 K, the signatures of magnetic coupling in the Cd3As2 layer are more

likely due to spin-dependent scattering of charge carriers in the DSM rather than induced

ferromagnetism. Our results are a first step toward the manipulation of the topological

DSM phase via the magnetic proximity effect and identify the challenges that remain to

achieve this goal.

II. GROWTH AND STRUCTURAL CHARACTERIZATION

We carried out the growth of Ga1−xMnxSb/Cd3As2 heterostructures in a VEECO 930

MBE system (base pressure lower than 2 x 10−10 mbar) using epi-ready GaAs (111) B miscut

substrates tilted ± 1◦ toward the [21̄1̄] direction. The purpose of using miscut substrates is

to reduce the twinning in Cd3As2 thin films, which originates from the 5% lattice mismatch.

The entire growth process was monitored in situ by 12 keV reflection high-energy electron

diffraction (RHEED). We used high purity (5N) elemental sources for Ga, As, and Mn, while

for Cd3As2, we used a compound source prepared from high purity elemental sources. All

materials were evaporated from standard effusion cells. After flashing the native oxide from

the epi-ready GaAs substrates at 580◦C, we first grew the ferromagnetic semiconductor “sub-

strate” using two different approaches. In samples referred to as “type A,” the ferromagnetic

substrate consists of a 60 nm thick GaSb buffer layer deposited at a substrate temperature

∼490◦C followed by a uniformly Mn-doped Ga1−xMnxSb (20 nm) layer grown at a low sub-

strate temperature (∼300◦C), conditions under which the Mn dopants randomly substitute

for Ga throughout the ferromagnetic semiconductor layer [30]. While we have not directly

measured the Mn concentration in these samples, based upon the Mn:Ga beam equivalent

flux ratio, past studies of Mn-doped GaAs, and the relatively low Curie temperature for fer-

romagnetic ordering (TC ∼ 20 K), we expect a Mn composition of a few percent. In samples

referred to as “type B,” we directly grew a 60 nm thick Mn-doped GaSb buffer layer on the

GaAs substrate at a significantly higher temperature (490◦C). Under these conditions, we

expect to obtain a hybrid ferromagnet nanocluster (MnSb)/p-doped semiconductor (GaSb),

allowing us to compare the behavior of Cd3As2 interfaced with a uniform ferromagnet to

that of Cd3As2 interfaced with a highly nonuniform set of magnetic particles [33]. The final

step in both type A and type B samples is to grow a Cd3As2 layer at a substrate temperature

of 210◦C. The thickness of these Cd3As2 layers ranged from 10 nm - 30 nm.
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FIG. 1. Structural characterization of type A MBE-grown Cd3As2/Ga1−xMnxSb heterostruc-

tures. (a) In situ RHEED pattern taken along the ⟨111⟩ direction after deposition of Cd3As2 on

Ga1−xMnxSb. (b) Out-of-plane XRD spectrum of a Cd3As2/Ga1−xMnxSb heterostructure. The

marked peaks are from each material, showing Cd3As2 with a (112) sample surface plane, while

other peaks come from the buffer layer and the substrate. Insets show the rocking curves of the

GaSb buffer and Cd3As2, indicating good crystalline quality of the material. (c) AFM image show-

ing smooth surface of Cd3As2 film with RMS roughness ∼ 1.2 nm. HAADF-TEM images of (d) a

Cd3As2/GaSb heterostructure and (e) a type A Cd3As2/Ga1−xMnxSb heterostructure.

The thickness of each layer was determined by X-ray reflectivity (data not shown) and

transmission electron microscopy (TEM). The surface roughness of the films was measured

using atomic force microscopy (AFM). Magnetic properties of the ferromagnetic layer were

investigated using superconducting quantum interference device (SQUID) magnetometry

(Quantum Design MPMS3). To confirm that the Cd3As2 films indeed have DSM states after
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growth on Mn-doped GaSb, we used angle resolved photoemission spectroscopy (ARPES)

measurements carried out via in vacuo transfer to a characterization chamber using a vacuum

suitcase. Finally, we used PNR to obtain depth-resolved magnetization profiles in type A

and B samples.

The growth of epitaxial Cd3As2 films on a Ga1−xMnxSb buffer layer resulted in a streaky

RHEED pattern in both type A and type B samples, indicating smooth films on the length

scale probed by RHEED (see Fig. 1 (a) for typical data for a type A film). Figure

1 (b) shows the out-of-plane high resolution X-ray diffraction (XRD) scans of a type A

Cd3As2/Ga1−xMnxSb bilayer with peaks from (111) planes of the GaAs substrate and GaSb

buffer layer which are marked with circles and triangles, respectively. Peaks arising from

(112) planes of the Cd3As2 are indicated by a diamond shaped symbol. No additional peaks

are present in the XRD spectrum, indicating single-phase GaSb and Cd3As2 films with a

high degree of alignment in the out-of-plane direction. The insets show the rocking curves

for the GaSb and Cd3As2 layers with full-width-half-maximum of about 0.04◦ and 0.11◦, re-

spectively. The 5 µm x 5 µm AFM image of the Cd3As2 surface shows that the film is smooth

with root mean square (RMS) roughness of 1.2 nm (Fig.1c). The film surface is atomically

stepped with step height of about 0.4 nm, which matches the interplanar spacing of the

Cd3As2 (112) planes and is comparable to the values reported in the literature [29]. To gain

further insight into the crystalline structure of our Ga1−xMnxSb and Cd3As2/Ga1−xMnxSb

films, we carried out high-angle annular dark-field (HAADF) TEM measurements. These

microscopy images show sharp interfaces between Cd3As2/GaSb and Cd3As2/Ga1−xMnxSb

layers (Fig.1 (d) and 1 (e), respectively), with good crystalline quality of Cd3As2. The

overview image shows sharp interfaces between each layer without intermixing (Inset of

Fig.1 (e)). As expected, Type A heterostructures show relatively uniform Mn-distribution

while Mn-rich nanoclusters suspected to be MnSb are observed in Type B samples, primar-

ily near the Ga1−xMnxSb/Cd3As2 interface (see supplementary material [34] and Fig. 7(c)).

Our film characterization results show that we have successfully grown epitaxial Cd3As2 thin

films on top of Ga1−xMnxSb with the appropriate crystal structure of the DSM phase.

To confirm the expected electronic structure and nontrivial topology of Cd3As2, we

performed ARPES measurements on type A Ga1−xMnxSb (Fig. 2 (a)) and type A

Cd3As2/Ga1−xMnxSb heterostructures (Fig. 2 (b),(c)). The scans were performed at

room temperature along the K−Γ−K crystal momentum direction projected on the (111)
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FIG. 2. (a) ARPES data of Type A 10 nm thick Ga1−xMnxSb layer. The chemical potential in

this p-doped sample is located 0.1 eV above the top of the valence band. (b) ARPES spectrum of

a type A heterostructure consisting of 30 nm film of Cd3As2 grown on 10 nm thick Ga1−xMnxSb.

(c) Second derivative of the spectrum shown in panel (b). All scans were performed at 300 K using

a photon excitation energy of 21.1 eV. The spectra are centered at the Γ point and taken along

the K −Γ−K direction projected on the (111) surface for Ga1−xMnxSb and the (112) surface for

Cd3As2.

surface for Ga1−xMnxSb and the (112) surface for Cd3As2. The data in Fig. 2 were taken

using the 21.1 eV Iα spectral line of a helium plasma lamp isolated by a monochromator.

Additional data taken using the 7.2 eV and 8.4 eV (6th and 7th harmonics, respectively) of

an ytterbium fiber vacuum ultra violet laser are shown in the Supplementary Materials [34].

At room temperature, the Ga1−xMnxSb ARPES spectra show the chemical potential located

above the valence band, confirming that the Mn-doping leads to p-type GaSb. We note

that the p-doping prevents ARPES measurements from showing the full band gap. Figure

2 (b) shows the ARPES measurement of a type A Cd3As2/Ga1−xMnxSb heterostructure at

room temperature and Fig, 2 (c) shows its second derivative. This spectrum clearly show

the characteristic linear dispersion of a DSM [12, 24, 35, 36].The ARPES data also show

that the chemical potential of Cd3As2 is located 0.2 eV above the charge neutral point.

This is consistent with our previous work on Cd3As2 grown on GaSb buffer layers and

seems to indicate that the inclusion of Mn in GaSb does not affect the chemical potential

or drastically change the band structure of the Cd3As2 layer [24].
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III. MAGNETOTRANSPORT MEASUREMENTS OF THE HOST MATERIALS

To isolate signatures of emergent interfacial properties of the Cd3As2/(Ga,Mn)Sb het-

erostructures from those of the individual Cd3As2 and Ga1−xMnxSb films, we first probed the

low temperature magnetotransport properties of Cd3As2/GaSb, type A Ga1−xMnxSb/GaSb,

and type B Ga1−xMnxSb/GaSb. Magnetotransport measurements were performed in a

Quantum Design Physical Property Measuring System (PPMS) at temperatures ranging

from 2 K - 20 K. We used Ar+ plasma etching to pattern the thin films into a standard Hall

bar geometry with dimension 1 mm x 0.3 mm.

The longitudinal sheet resistance (2D resistivity) Rxx and Hall resistance Rxy were mea-

sured using a bias current of 1 µA with an out-of-plane magnetic field B ≤ 6T. Following

standard practice, all magnetic field dependent measurements ofRxx (Rxy) were symmetrized

(anti-symmetrized) with respect to the sign of the magnetic field. This is particularly im-

portant in the case of Rxy since it removes cross-talk with contributions from Rxx.

Figure 3 (a) shows Rxx vs. B applied normal to the sample plane in the temperature

range 2 K to 10 K for a 15 nm thick Cd3As2/GaSb film. The Cd3As2 film exhibits a positive

nonsaturating magnetoresistance (MR) which is likely a mixture of a classical parabolic

MR and linear MR arising from charge density and/or mobility fluctuations [37–39]. At

temperatures above 2 K, this Cd3As2 film does not show any obvious signatures of quantum

corrections to diffusive transport, specifically a weak antilocalization (WAL) cusp in Rxx

vs. B as the magnetic field is swept through B = 0. The variation of Rxy vs. B (Fig. 3

(b)) shows signs of multi-band conductivity in which the dominant carriers are n-type at low

field, transitioning to a dominant p-type conduction for magnetic fields above approximately

3 T. This behavior has been attributed to samples wherein the chemical potential is near

the bulk Dirac nodes in Cd3As2 [23]. We determined the mobility and carrier density n

of the dominant carriers using the linear low field region of the Hall data with a single

band picture. In this region, n is relatively insensitive to temperature, varying from 6.83

x 1011 cm−2 - 6.94 x 1011 cm−2 between 2 K and 10 K. For single crystals of Cd3As2,

the corresponding three-dimensional carrier density is about an order of magnitude lower

[14, 40]. We use the standard Drude model to determine a mobility µ of about 10,500 cm2

/(V.s). Note that the relatively high carrier density of the Cd3As2 is likely related to non-

optimal growth conditions; more recent growth of Cd3As2 films in the same MBE chamber
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FIG. 3. Top row: (a), (c), (e) Magnetic field dependence of Rxx in a 15 nm thick Cd3As2 film,

a 20 nm thick Ga1−xMnxSb film, and a 20 nm thick type B Ga1−xMnxSb film, respectively, in

the temperature range 2 K ≤ T ≤ 10 K. Bottom row: (b), (d), (f) Magnetic field dependence

of Rxy for the same samples as in the upper row under identical conditions. All measurements

are made in the standard Hall effect geometry (B⃗ perpendicular to both the current density and

the sample plane). The longitudinal MR and Hall resistance measurements are symmetrized and

antisymmetrized in magnetic field, respectively. No backgrounds have been subtracted

has produced significantly lower carrier densities, resulting in the observation of Shubnikov

de Haas oscilations and the integer quantum Hall effect at magnetic fields higher than 6 T

[22].

We now describe the low temperature transport properties of a type A Ga1−xMnxSb

(20 nm)/GaSb sample. Figure 3 (c) shows the magnetic field-dependence of Rxx in the

temperature range 2 K - 10 K, revealing a large negative MR attributed to the magnetic

field suppression of spin disorder scattering, consistent with past observations in MBE-grown

(Ga,Mn)Sb thin films [30, 31]. We note that, at low values of magnetic field, the resistivity of

this type A Ga1−xMnxSb film is about an order of magnitude larger than that of the Cd3As2

film, so that most of the current flow in type A Cd3As2/Ga1−xMnxSb heterostructures will

occur through the Cd3As2 layer. However, since the Cd3As2 and type A Ga1−xMnxSb films

have MR of opposite sign, we anticipate a complex evolution of the current distribution in
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type A Cd3As2/Ga1−xMnxSb heterostructures at large applied magnetic fields.

Figure 3 (d) shows the magnetic field-dependence of the Hall resistance, Rxy, in the type

A Ga1−xMnxSb film over the temperature range 2 K - 10 K. We caution that the Hall volt-

age, although properly antisymmetrized, is still significantly affected by cross-talk with the

large longitudinal sheet resistance (Rxx > 10 kΩ), especially as the temperature is decreased

below ∼ 6 K. We attribute the non-linear magnetic field dependence of Rxy to an anomalous

Hall effect arising from ferromagnetism in the hole-doped Ga1−xMnxSb layer. Indeed, the

slope of Rxy(B) at high magnetic fields shows that the film is p-type. The absence of any

measurable hysteresis in these measurements with an out-of-plane magnetic field suggests

an in-plane easy axis for the magnetization. We carried out magnetometry measurements

on this film to gain further insight into the magnetism, with the caveat that reliable mea-

surements of the magnetization in such thin, magnetically dilute films can be challenging

to properly analyze because of the large diamagnetic background that has to be subtracted.

The magnetic moment (m) versus B data show very soft magnetic hysteresis loops for both

in-plane and out-of-plane magnetic field orientation even at the lowest measurement tem-

perature (T = 10 K) [34]. The coercive field (defined as value of B where m changes sign) is

about 0.04 T and the magnetization of the sample fully saturates when B ≳ 0.4 T. Further,

the magnetometry measurements show that magnetization has a relatively weak decrease

with increasing temperature and a significant saturation moment remains even at room tem-

perature (T = 300 K). These characteristics are similar to those reported in early studies of

significantly thicker (200 nm) Ga1−xMnxSb films [30]. We interpret our observations in the

type A sample as indicative of a combination of hole-mediated ferromagnetism and nanoseg-

regated Mn-rich regions (presumably MnSb) that are hard to detect in microscopy. Although

we have not carried out a systematic set of measurements to determine the ferromagnetic

transition temperatures (TC) corresponding to these co-existing phases, the observation of

the onset of the anomalous Hall effect as temperature is lowered suggests a hole-mediated

ferromagnetic phase with a TC ∼ 25 K. In addition, a distinct change in sign of the anoma-

lous Hall effect between T = 4 K and T = 2K (Fig. 3 (d)) also suggests the onset of yet

another low temperature phase that contributes an anomalous Hall effect of opposite sign.

The counterpoise between these two contributions results in the unusual temperature and

field dependence of the anomalous Hall effect seen in Fig. 3(d).“

We next discuss the magnetotransport properties of a type B Ga1−xMnxSb(20 nm)/GaSb
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sample. The Rxx vs. B measurements of the type B Ga1−xMnxSb sample (Fig. 3 (e))

qualitatively resemble the behavior in type A Ga1−xMnxSb (Fig. 3 (d)), with strongly

temperature-dependent negative longitudinal MR that becomes more pronounced as the

temperature is lowered. However, there is an important difference: Rxx in the type B sample

is significantly smaller (almost two orders of magnitude) than in the type A sample. The Rxy

data for the type B sample (Fig. 3 (f)) indicates that the key difference is the much higher

hole density, deduced from the slope of the linear behavior in Rxy vs. B. This increased hole

density is likely the result of Mn being incorporated more efficiently as an acceptor when

Mn-doped GaSb is grown under more optimal conditions (higher substrate temperatures).

SQUID magnetometry measurements of the type B Ga1−xMnxSb/GaSb sample show similar

behavior to that of the type A sample, but with almost no hysteresis for both in-plane and

out-of-plane field orientation (see Supplementary Materials [34]). This indicates that the

magnetization in the type B sample is dominated by a superparamagnetic contribution from

ferromagnetic Mn-rich clusters seen in the TEM (Fig. S1 of the Supplementary Materials

[34]).

IV. MAGNETOTRANSPORT MEASUREMENTS OF Cd3As2/Ga1−xMnxSb HET-

EROSTRUCTURES

Having established the magnetotransport behavior of the constituent films, we now turn

to the principle focus of this paper, namely the search for proximity-induced ferromagnetism

in ferromagnetic semiconductor/DSM heterostructures. We begin with a discussion of mag-

netotransport measurements in a type A Cd3As2 (15 nm)/Ga1−xMnxSb (20 nm) sample.

The sheet resistance (Rxx ∼ 2.7 kΩ at 2 K), carrier density (n ∼ 1.8 x 10 12 cm−2 near

B = 0), and mobility (µ ∼ 6000 cm2/V-s) of the sample as deduced from measurements

of Rxx and Rxy are similar to that of the individual Cd3As2 films, consistent with our

expectation that the current in the type A heterostructure is dominated by the Cd3As2

channel. However, several key differences are obvious when we examine the variation of Rxx

and Rxy with magnetic field and temperature (Figs. 4 (a) and (b), respectively). Figure 4

(a) shows that at higher temperatures (T > 8 K), the MR is positive, resembling that of

the individual Cd3As2 film. As the temperature is lowered toward 2 K, there is a transition

to a marked negative low field MR, taking on some of the characteristics of the type A
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FIG. 4. Magnetotransport properties of Cd3As2/Ga1−xMnxSb heterostructures. (a), (b) Magnetic

field dependence of Rxx and Rxy, respectively, in a type A Cd3As2/Ga1−xMnxSb Hall bar device

in the temperature range 2 K ≤ T ≤ 10 K. (b),(c) Magnetic field dependence of Rxx and Rxy,

respectively, in a type B Cd3As2/Ga1−xMnxSb Hall bar device in the temperature range 2 K

≤ T ≤ 20 K. .

Ga1−xMnxSb film. At all temperatures studied, the magnetic field dependence of the Hall

effect is qualitatively similar to the non-linear dependence seen in the individual Cd3As2

film, but the non-linearity also has the marked temperature dependence of the the type A

Ga1−xMnxSb film. We note that, in contrast, there is negligible temperature variation in

the magnetic field dependence of Rxy in the individual Cd3As2 film. These observations

suggest that the electrical transport of charge carriers in the Cd3As2 channel is influenced

by the ferromagnetism in the Ga1−xMnxSb channel, perhaps even picking up an anomalous

Hall contribution. We caution though that this is not in itself an indication of proximity-

induced ferromagnetic order in the Cd3As2 layer and could be the result of interfacial spin-

dependent scattering of charge carriers in the Cd3As2. We also note that a detailed model

and interpretation of transport in these heterostructures would have to account for the band

realignment that occurs in what is essentially a p-n heterojunction (p-doped Ga1−xMnxSb

and electron-dominated Cd3As2), an analysis of which is beyond the scope of this paper.

We now turn to a discussion of the magnetotransport in a type B Cd3As2/Ga1−xMnxSb

heterostructure. As in the type A heterostructure, we observe a transition from a positive
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MR at higher temperature to a negative MR at low temperature (Fig. 4 (c)). The variation

of Rxy with magnetic field and temperature (Fig. 4 (d)) is qualitatively similar to that of the

type B Ga1−xMnxSb film (Fig. 3 (f)). In these type B heterostructures, the low resistivity

of the Ga1−xMnxSb presents a challenge for disentangling possible changes in the electrical

transport in the Cd3As2 channel. Nonetheless, there is an interesting contrast between the

behavior of the non-linear Hall data shown in Figs. 3 (f) and 4 (d).

Comparing the electrical magnetotransport in type A and type B heterostructures, the

most critical observation is that the type A samples show behavior that could be consistent

with proximity-induced ferromagnetism, while in type B samples, interpretation is difficult

in large part because of the comparable resistivities and thus parallel conduction in the

DSM channel and the ferromagnetic semiconductor. The difference in magnetotransport

behavior may be related to the uniformity of the magnetic interaction at the interface:

the spin-polarized electrons in the ferromagnetic clusters near the interface cannot readily

exert significant influence on charge carriers in the vicinal Cd3As2 layer via exchange or

spin-dependent scattering.

Although our magnetotransport measurements raise interesting questions about the inter-

action between the states of the DSM and the vicinal ferromagnet, it is difficult to distinguish

between the different scenarios using transport measurements alone. To provide additional

insight, we require a probe which is sensitive specifically to the interface. Consequently, we

used PNR to probe the magnetization profile and searched for the presence of a magnetic

proximity effect in Cd3As2 interfaced with Ga1−xMnxSb.

V. PNR MEASUREMENTS OF Cd3As2/Ga1−xMnxSb HETEROSTRUCTURES

PNR data can be used to extract the chemical and in-plane net magnetization depth

profile of the sample through fitting with a theoretical model. In PNR experiments, a spin-

polarized neutron beam is incident on the sample, and the specular reflectivity is measured

as a function of the momentum transfer vector along the film normal. The non-spin-flip

scattering cross sections, in which the incident and scattered neutrons possess the same

spin state, are sensitive to the depth profile of the net in-plane magnetization parallel to

the applied field. On the other hand, the spin-flip scattering cross sections, in which the

incident and scattered neutrons have opposite spins, are sensitive to the depth profile of the
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net in-plane magnetization perpendicular to the applied field.

The type A PNR measurement (Fig. 5) was performed using the Polarized Beam Re-

flectometer at the NIST Center for Neutron Research. Measurements were performed in

full polarization mode, in which both the incident and scattered neutron spin is specified,

at 6 K in an applied magnetic field of 3 T. Since this condition significantly exceeds the

saturation fields shown in the magnetometry data [34], all net magnetization in the sample

is expected to be aligned parallel to the field, such that the spin-flip scattering originating

from any in-plane magnetization perpendicular to the field will be zero. Consequently, only

the non-spin-flip cross sections were measured. The data were reduced using Reductus and

analyzed using the Refl1D software package [41, 42]. Models used to fit the data were con-

structed using a series of uniform slabs with different nuclear and magnetic scattering length

densities (SLDs) to represent each layer in the structure. Slabs are separated by interfaces

with Gaussian roughness, represented by an error function.

The best-fit solution (Fig. 5 (c)) consists of a net magnetization spread relatively uni-

formly throughout most of the Ga1−xMnxSb layer, with a total magnetic thickness of 12.5

nm ± 1 nm. PNR estimates that 83% ± 7% of the Ga1−xMnxSb layer is magnetized, such

that within a 95% confidence interval essentially the entire layer may be considered fer-

romagnetic. In this case, then, the PNR results suggest that Mn-migration towards the

interface with Cd3As2 is limited and the previously noted surfactant behaviors of Cd3As2

are significantly suppressed by the low growth temperature. The type A sample yields an

interfacial magnetic SLD in the Cd3As2 of -0.10(7)×10−4 nm−2, consistent with a complete

lack of net magnetization within this layer. An upper limit of approximately 14 emu/cm3

(1 emu/cm3 = 1 kA/m) can be established for the proximity-induce magnetization at the

interface with a 95% confidence interval of the fitted PNR parameters. While such a small

moment is within the uncertainty of this PNR measurement, it may be sufficient to break

time reversal symmetry in the Cd3As2 at the interface.

PNR measurements on a type B sample were performed using the MAGREF instrument

at the Spallation Neutron Source at a temperature of 5 K in an in-plane applied magnetic

field of 1.15 T. Once again this exceeds the field necessary to saturate the sample, so that

no net perpendicular magnetization is expected. We therefore measured the spin-dependent

neutron reflectivities as a function of the perpendicular momentum transfer vector Q with-

out polarization analysis of the scattered beam. We collected the spin-up and spin-down
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FIG. 5. (a) Spin-dependent polarized neutron reflectivity measurements of a type A sample

alongside theoretical fits. (b) Difference between the spin-down and spin-up neutron reflectivities

shown in (a) normalized by the theoretical reflectivity of the GaAs substrate. (c) Nuclear and

magnetic scattering length density profiles used to generate the fits shown. Measurements were

performed at 6 K in an applied magnetic field of 3 T. Error bars represent ±1 standard deviation.

reflectivities under the assumption that these cross sections contained only non-spin-flip

scattering. The data were reduced using a custom Python code, and again fit using Refl1D.

Since MAGREF is a time-of-flight neutron reflectometer, sections of the PNR data were

taken at a series of scattering angles, each of which captures data across a range of Q-

values. Each of these angular regions was allowed some variation in relative intensity and

angle of incidence during the fit to compensate for known imperfections in automated data

stitching programs. Data were then rebinned after analysis to a continuous ∆Q/Q of 0.025.

Interestingly, fitting the PNR from the type B sample was significantly more complex than

that of type A, most likely due to the Mn diffusion and agglomeration expected at the higher

growth temperature. To improve modeling constraints and ameliorate the relatively weak

contrast between the nuclear SLDs of bulk GaSb, Ga1−xMnxSb, and Cd3As2, the sample

used for this measurement was subsequently examined by STEM imaging which allowed the

relative thicknesses of all three layers to be determined directly. This thickness ratio was

implemented as a constraint in the modeling to enable robust conclusions to be drawn about

the position of the magnetization within the stack. We considered the following possible

magnetic models:

1. All magnetization is concentrated at the Ga1−xMnxSb/Cd3As2 interface.
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2. All magnetization is uniformly distributed throughout the Ga1−xMnxSb layer.

3. All magnetization is uniformly distributed throughout the Cd3As2 layer.

4. The magnetization is distributed throughout both the Ga1−xMnxSb and Cd3As2.

5. The magnetization is confined to a Mn-rich layer on the top Cd3As2 surface.

6. The magnetization is present in both the Ga1−xMnxSb and a Mn-rich surface layer on

top of the Cd3As2.

Of these models, only #1 is able to properly describe the data, as shown in Fig. 6. Figure

6 (a) shows the fitted spin-dependent reflectivities while Fig. 6 (b) plots the difference

between the two curves normalized by the Fresnel reflectivity alongside a theoretical curve,

which we refer to as the “Fresnel difference”. Here, the Frensel reflectivity is defined as

the reflectivity expected purely from the bare GaAs substrate used in this experiment. As

shown in the plot of the corresponding depth-dependent structural and magnetic SLDs that

generated the fit (Fig. 6 (c)), the PNR revealed high-quality films with sharp interfaces and

SLDs near theoretically expected bulk values.

Fits from the alternative models (#2 − #6), which fail to provide a reasonable fit to

the data, are shown in the Supplementary Information. Note that models 1, 3, and 5 were

designed to allow a magnetic proximity effect in which a portion of the net magnetization

extends into the Cd3As2. In fact, for the best-fit model #1, we find that the magnetization

at the interface extends into both the (Ga,Mn)As and Cd3As2 layers (Fig. 6 (c)). Since the

depth-dependent SLD profiles obtained from PNR represent an average across the sample

plane, this result is consistent with either the formation of ferromagnetic Mn-rich inclusions

directly at the interface observed in the associated STEM imaging (see also Supplementary

Information Fig. S1), or a magnetic proximity effect in the Cd3As2. Separating proximity

induced magnetism from interfacial Mn-rich phases based on the PNR alone is extremely

challenging, but the transport results strongly favor the former. Thus, we conclude that the

larger magnetization tightly constrained to the interface is a result of ferromagnetic MnSb

inclusions.

For a direct comparison, we also optimized a model depth profile for the type A sample

similar to Model #1 used for the type B sample, which yielded nonphysical depth profiles
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FIG. 6. (a) Spin-dependent polarized neutron reflectivity measurements of a type B sample along-

side theoretical fits. (b) Difference between the spin-down and spin-up neutron reflectivities shown

in (a) normalized by the theoretical reflectivity of the GaAs substrate. (c) Nuclear and magnetic

scattering length density profiles used to generate the fits shown. The data are superimposed on a

TEM image of this type B sample. Measurements were performed at 5 K in an applied magnetic

field of 1.15 T. Error bars represent ±1 standard deviation.

and resulted in a much worse fit to the data. Thus PNR demonstrates stark differences in

the Mn distribution and resulting magnetic state of type A and type B samples.

VI. CONCLUSIONS

In summary, we have reported a comprehensive study of the epitaxial synthesis, crystal

structure, surface band structure, electrical magneto-transport, and magnetic behavior of

an archetypal DSM (Cd3As2)/ferromagnetic semiconductor (Ga1−xMnxSb) heterostructure.

Two growth regimes were investigated for the ferromagnetic semiconductor, with a type A

sample that has a more uniform incorporation of Mn and a type B sample that has possible

clustering of Mn into ferromagnetic phases (such as MnSb). At first glance, the variation

with magnetic field and temperature of the longitudinal MR and Hall effect in the type A

samples suggests the possibility of a proximity-induced ferromagnetic effect in this bilayer.

However, while PNR indicates that ferromagnetic order in the type A sample, it is only seen

in the Ga1−xMnxSb layer and any induced magnetization in the Cd3As2 layer is expected

to be smaller than 14 emu/cm3 (95% confidence limit). We conclude therefore that the

magnetotransport signatures in type A samples originate in spin-dependent scattering of
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charge carriers in the Cd3As2 channel and cannot be attributed to a magnetic proximity

effect, at least at temperatures above about 4 K. This does not rule out the possibility of

a proximity effect being responsible for the observed hysteretic MR and Hall effect at lower

temperatures T ≤ 2 K. In a type B sample, the totality of PNR, STEM, and transport

evidence reveals the presence of ferromagnetic Mn-rich inclusions (most likely MnSb) which

segregate towards the interface region. While this also puts Cd3As2 in direct contact with

a ferromagnetic phase, the uniformity of the ferromagnet is greatly reduced and there is no

evidence of a magnetic proximity effect or broken TRS in the magnetotransport. We con-

sequently conclude that, while small local regions of the Cd3As2 may experience the effects

of spin-polarization at the interface, most of the bulk conduction channels are unaffected

by the inhomogeneous magnetism of type B Ga1−xMnxSb. Overall, our results support the

importance of maintaining a uniformly magnetized, high-quality ferromagnetic interface in

order to observe the effects of magnetic proximity in Dirac semimetal heterostructures.
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