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Abstract

We use spin torque ferromagnetic resonance and ferromagnetic-resonance-driven spin pumping
to detect spin-charge interconversion at room temperature in heterostructure devices that inter-
face an archetypal Dirac semimetal, CdgAs,, with a metallic ferromagnet, Nig goFeg 2o (permalloy).
Angle-resolved photoemission directly reveals the Dirac semimetal nature of the samples prior to
device fabrication and high-resolution transmission electron microscopy is used to characterize the
crystalline structure and the relevant heterointerfaces. We find that the spin-charge interconver-
sion efficiency in CdsAsy/permalloy heterostructures is comparable to that in heavy metals and
that it is enhanced by the presence of an interfacial oxide. Spin torque ferromagnetic resonance
measurements reveal an in-plane spin polarization regardless of an oxidized or pristine interface.
We discuss the underlying mechanisms for spin-charge interconversion by comparing our results
with first principles calculations and conclude that extrinsic mechanisms dominate the observed
phenomena. Our results indicate a need for caution in interpretations of spin transport and spin-
charge conversion experiments in CdszAss devices that seek to invoke the role of topological Dirac

and Fermi arc states.

I. INTRODUCTION

Spin-to-charge conversion and its Onsager reciprocal charge-to-spin conversion have been
extensively studied in several materials with either strong spin-orbit coupling (such as heavy
metals, HMs) or with spin momentum “locking” (as in the surface states of topological
insulators) [1-12]. The latter class of materials motivated the emergence of “topological
spintronics,” broadly aimed at exploiting the strong spin-momentum correlation in helical
topological states for spintronic devices. Theoretical studies provide strong motivation for
extending such studies to topological semimetals. For example, in Weyl semimetals, calcu-
lations predict a large spin Hall conductivity, the Rashba-Edelstein effect, and efficient spin-
to-charge conversion in magnetic Weyl semimetal-normal metal heterostructures [13-15].
Recent experiments have reported current-induced spin-orbit torques in the Weyl semimetal
WTe, with efficiencies comparable to HMs [16, 17]. In addition, field-free current-induced
magnetization switching has been demonstrated at room temperature in WTe, /ferromagnet

*

nsamarth@psu.edu


mailto:nsamarth@psu.edu

heterostructures with current densities lower than HMs and topological insulators [18]. This
context motivates the exploration of spin-charge interconversion in a different class of topo-
logical semimetals of contemporary interest, the Dirac semimetal (DSM), where only a few
studies of spin transport have been reported [19-22]. We might anticipate that the interplay
between a bulk three-dimensional linear dispersion with non-trivial topology and the spin
polarization of surface states could give rise to efficient spin-charge interconversion and thus
elicit interest for spintronics [14, 18, 23-25]. Unlike the intuitive appeal of spin-momentum
locked states in topological insulators and Weyl semimetals for topological spintronics, how-
ever, the spin degeneracy inherent in the topological band structure of a DSM raises a
fundamental question that has not yet been answered: what is the spin Hall conductivity
(SHC) of a DSM and could it be relevant for spintronics?

In this paper, we report measurements of spin-charge interconversion at room temper-
ature in bilayers of the archetypal DSM CdsAss and a conventional metallic ferromagnet,
NiggoFepao (permalloy, Py) via spin torque ferromagnetic resonance (ST-FMR) and ferro-
magnetic resonance driven spin pumping (SP). We also compare our experimental results
with first principles calculations of the SHC in CdsAs,. In bilayers with an imperfect (oxi-
dized) interface, we find a SHC that is much larger than predicted by theory at the estimated
chemical potential and comparable to that of HMs. We attribute the dominant contribu-
tions to extrinsic effects. Measurements of bilayers with a clean interface show a smaller
SHC, consistent with our theoretical predictions for intrinsic contributions to spin-charge
interconversion. These results suggest caution about the interpretation of experiments that

attribute observations of spin transport to the topological states of CdzAs,y [19, 20, 22]

II. SAMPLE SYNTHESIS AND CHARACTERIZATION

We first discuss the synthesis, as well as structural and interfacial characterization, of
Cd3Asy /Py heterostructures. We used molecular beam epitaxy (MBE) to grow CdsAs, thin
films under ultrahigh vacuum conditions (pressure P < 10~7 Pa) in a Veeco 930 system. We
first grew an intrinsic, relaxed GaSb (111) buffer layer (100 nm thick) on a semi-insulating
GaAs(111)B substrate using elemental Ga (5N) and Sb (5N) source materials evaporated
from standard effusion cells. The growth conditions used were standard for the III-V semi-

conductor. The CdzAs, layer was then deposited at a substrate temperature T, ~ 200 °C.



For most of the samples discussed in this paper, the source materials are elemental Cd (5N
purity) and As (5N purity) evaporated from conventional effusion cells; the beam equivalent
flux ratio of Cd:As was 3:2. Some samples were also grown by evaporating a compound
CdsAs, source, also from an effusion cell. Typical growth rates were 0.5 nm/min. During
MBE growth, we obtain an unreconstructed streaky reflection high energy electron diffrac-
tion (RHEED) pattern (Figs. 1 (a) and 1 (b)) which shows the expected C5 symmetry of
the CdzAs, crystal. X-ray diffraction (Fig. 1c) shows peaks corresponding to CdzAs, grown
in the (112) orientation as well as the peaks of the GaSb (111) buffer layer and the GaAs
(111) substrate. Typical double crystal rocking curves for diffraction peaks from CdzAs,
have widths of ~ 0.11°. Atomic force microscopy (AFM) (Fig. 1(d)) shows large domains
(500 nm lateral islands) with 0.5 nm high steps. These are all signatures of epitaxial growth

of reasonable quality CdzAs, thin films, similar to those reported in prior literature [26].

The measurement of spin-charge interconversion in CdzAs, requires the synthesis of het-
erostructures that interface a well-characterized ferromagnet with the DSM. To this end, we
transferred the MBE-grown CdzAs, films to a different vacuum chamber for the deposition
of Py thin films using an e-beam evaporator. Most of the spin-charge interconversion data is
taken on samples that involved brief (10-15 minutes) exposure of the CdsAs, film to ambient
atmosphere before the subsequent deposition of a Py thin film, followed by 1 nm to 3 nm of
either Ta or Al as a capping layer to prevent oxidation. Although technical limitations cur-
rently constrain our capability for the routine deposition of Py on CdsAs, without breaking
vacuum, we also include spin-charge interconversion data on a sample grown with a pristine

interface.

We further characterized the CdsAss/Py heterostructures using atomic-resolution high-
angle annular dark-field (HAADF) scanning transmission electron microscopy (STEM). An
example of such data for a heterostructure with brief ambient exposure between MBE growth
of Cd3Asy and Py deposition is shown in Figs. 1 (e) and 1 (f): the former reveals coherent
growth of the entire heterostructure, albeit with the presence of a 1 nm cadmium oxide layer
at the CdsAsy/Py interface as confirmed by energy dispersive x-ray (EDX) spectroscopy.
More detailed STEM and EDX characterization is available in Appendix D. Since proximity-
induced magnetism at the interface between the DSM and metallic ferromagnet might play
a role in spin-charge interconversion, we also used polarized neutron reflectometry (PNR)

measurements to characterize the magnetic behavior at the CdsAs, /Py interface. We do not
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FIG. 1. RHEED pattern of the CdsAsy film along the [111] (a) and [110] (b) crystal directions.
(c) X-ray diffraction 26 scan of CdgAss films. (d) AFM image of the CdgAss surface. High-angle
annular dark-field TEM image showing the different layers in a complete device stack (e) and just

the CdsAssy layer (f).

observe any evidence for proximity-induced magnetism in the CdsAs, layer (see Appendix

To confirm the presence of a DSM state in the MBE-grown CdsAs, thin films, we carried
out angle resolved photoemission spectroscopy (ARPES) measurements on a few samples
that were transferred from the MBE chamber to a local ARPES measurement chamber while
maintaining a vacuum environment with pressure 1.3 < pPa. We used the 21 eV helium
I spectral line from a helium plasma lamp isolated via a monochromator as the photon
source. The emitted photoelectrons were imaged by a ScientaOmicron DA 30L analyzer with
a maximum spectral resolution of 6 meV. Figures 2 (a) and 2 (b) show ARPES measurements

from a CdzAss thin film at room temperature. The spectra are similar to those reported



in the prior literature on cleaved bulk crystals of CdsAsy [27-29]. The data shows the
characteristic linear dispersion in the vicinity of the charge neutral point expected for a
DSM. The ARPES data also indicate that the charge neutral point is located 0.2 eV below
the chemical potential. This is consistent among several samples with different thicknesses.
It is important to note that ARPES cannot probe the surface state of these CdzAs, films
once the surface has been capped with Py. Thus, we do not have any direct knowledge of
the nature of the electronic states at the CdsAss/Py interface. This is a limitation in all the
published studies on topological spintronics thus far.

We carried out electrical magneto-transport measurements on uncapped and As-capped
CdsAs, thin films at room temperature, revealing a Hall resistance with non-linear de-
pendence on magnetic field, indicative of coexisting electron and hole type of carriers as
expected for a chemical potential close to the charge neutral point [30-32]. In the low
field limit (the range needed for ST-FMR and SP experiments), the electrical transport is
mainly electron type with a carrier density and mobility of around n = 10* — 10! ¢cm=3

and g = 4000 — 6000 cm?V~!s7! measured at different temperatures and thicknesses.

III. THEORETICAL CALCULATION OF SPIN HALL CONDUCTIVITY

To obtain a theoretical understanding of the spin-charge interconversion in CdzAs,, we
performed density-functional theory (DFT) calculations in the framework of the generalized
gradient approximation[33] with a full-potential local-orbital minimum-basis code (FPLO)
[34]. Spin-orbit coupling was included. The crystal structure of CdsAs, belongs to space
group I4;/acd (No.142) and has inversion symmetry [35]. From DFT calculations, we pro-
jected the Bloch wave function into atomic-like Wannier functions of Cd-5s orbital and As-4p
orbitals. Then we build an accurate tight-binding Hamiltonian([f[ ) to calculate the intrinsic
spin Hall conductivity components (Figs. 2(c) and 2(d)) [36]. Full details of the calculation
are given in Appendix A.

In addition, our calculation reveals an out-of-plane spin polarization in the spin current

generated by the intrinsic SHC o7, = 1625

<=, where spin current direction z refers to the
[112] direction. The non-zero o7, is induced by the symmetry breaking along the [112] axis.
If the intrinsic SHE prevails under certain experimental conditions, we expect that the out-

of-plane polarization may play a significant role in the spin-orbit torque. We also find that
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the SHC has several local maxima around the charge neutral point. This could tentatively
explain the variation of the spin-charge interconversion efficiency with changes of chemical
potential seen in Ref. [19, 20]. It also offers an opportunity to enhance the intrinsic SHC in

Cd3As, thin films via chemical doping or electrostatic gating.

IV. SPIN TORQUE FERROMAGNETIC RESONANCE

We now discuss the spin-charge interconversion in CdzAs, /Py bilayers. We have measured
a total of 13 devices (5 using ST-FMR and 8 using SP) all showing the interconversion
phenomenon. In all these devices except for one, the interface between CdsAs, and Py has

some oxidation due to brief ambient exposure. In ST-FMR experiments, we apply a radio
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FIG. 2. (a) Electronic band structure of CdzAss thin films obtained by ARPES. The measurements
are taken at T' = 300 K along the K —I' — K direction, projected on the (112) surface. (b) Second
derivative of the spectrum shown in (a). (c¢) Calculated band structure and spin Hall conductivity
(SHC) of bulk Cd3Asz The color in the band structure shows the spin Berry curvature (€23,) with
z along the [001] direction. (d) Three independent components of SHC with z along the [112]

direction as a function of chemical potential.



frequency (rf) charge current in devices with lateral device dimensions 50 pym x 10 pm
patterned from bilayers of 8 nm to 80 nm thick CdzAsy; and 4nm to 6 nm thick Py in
the presence of an in-plane external magnetic field. This process excites the magnetization
dynamics of the ferromagnetic layer by means of Oersted field and spin current at the
interface. The latter results from the rf charge current creating a flow of angular momentum
perpendicular to the interface (charge-to-spin conversion) in the DSM (Fig 3(a)). The
magnetization dynamics are then probed using the anisotropic magnetoresistance of the
ferromagnetic layer which, along with the rf current, produces a DC mixing voltage (Vynix)
in the device. The in-plane and out-of-plane torques can then be extracted by fitting the

Viniz With a symmetric and antisymmetric Lorentzian function:

SA%dgASQ + AACdgASz (H - HR@S)

Vmix =
A%dSASQ + (H - HR@S)z

(1)

Here, A¢g, a5, is the line width of the absorption spectrum, H is the applied external field,
Hpes is the field at which we see the resonance and S(A) is the magnitude of the symmetric

(antisymmetric) component. The frequency dependence of the absorption spectrum is well

understood for thin films using the Kittel equation f = %\/ Hpes(Hpes + Mgyss). This can
be fitted to our data using the known gyromagnetic ratio of the electron (v), giving effective
magnetization values of around Mgsr = 560 kA/m to 640 kA/m which is similar to values
reported by FMR studies in Py films [37].

In addition, we use the ratio of the symmetric and antisymmetric components to extract
the spin torque efficiency defined as the ratio of the rf spin current (Js) generated in the

device and the charge current (J.) applied by an external source [38, 39]:

3 (2)

_ 2eJs _ SepoMstoaas,tyire {1 N (@)]W.
hJ. A h Hpes
Here, e is the charge of the electron, A is the reduced Planck constant, pg is the perme-
ability of free space, Mg = 560 kA /m is the saturation magnetization of Py (measured in
a Quantum Design superconducting quantum interference device magnetometer), tcg,as, 1S
the thickness of the CdsAs, layer, and ty;r. is the thickness of the ferromagnet. To address
the possibility of a three dimensional spin polarization, we have measured the ST-FMR

spectra while changing the angle (¢) between the current and the magnetic field direction

with the axes shown in Fig. 3(b).



Figure 3(c) shows the mixing voltage of a device with the CdOx interfacial layer, measured
at different frequencies ranging from 3.5 GHz to 5 GHz. The spin torque efficiency £ is
extracted from the measured signal by separating it into a symmetric and an antisymmetric
Lorentzian component, as shown in Fig. 3(e). If we assume that the spin current has a
bulk origin in the samples with the CdOx interfacial layer, we obtain a spin torque efficiency
¢ = 0.27 (0.22) with 4 (6) nm of Py, comparable to values in HM. This provided a lower
bound on the spin Hall angle due to the less than ideal spin transparency [39]. The spin
torque efficiency can then be combined with the CdsAs, conductivity (0., ~ 1250 Scm™!)
to extract the SHC:

h S

h
OSH = HSHUmm Z 140 — (3)
2e e cm

As a first step to better understand the intrinsic contributions to the SHC of CdsAs,,
we have studied ST-FMR in devices fabricated from CdzAs, /Py bilayers grown using a full
in vacuo transfer procedure (Fig. 3(d)). STEM characterization of such a sample showed
a clean CdzAsy/Py interface (see Appendix D). The ST-FMR signal is however weaker
than in the devices fabricated from bilayers with an oxidized interface. Analysis of the ST-
FMR data shows that the spin torque efficiency (¢ = 0.10) and the SHC (ogy = 63 2-2)
are closer to the intrinsic theoretical value, indicating that the interfacial cadmium oxide
layer enhances the SHC. We also note that the symmetric component of the torque in both
systems shows the same sign as in Pt and opposite to that in W, in agreement with the
theoretical prediction of a positive SHC. In both the samples with an oxidized interface and
pristine interface, the variation of the ST-FMR as a function of in plane field angle (Figs.
3(e) and 3(f)) shows the expected symmetry of the in-plane and out-of-plane torques. This
behavior is consistent with contributions expected from the bulk spin Hall effect, the Oersted
field, or the Rashba-Edelstein effect [10, 38, 40, 41]. The data can be reasonably fit with
a sin(¢) cos(¢)? function, indicating the absence of spin polarization in the out-of-plane or

current flow directions in both systems (see Appendices B and D).

V. SPIN PUMPING

To complement the ST-FMR measurements of spin-charge interconversion, we also carried

out SP measurements on Cd3Asy/Py heterostructures. All the data presented here was
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FIG. 3. (a) Illustration of charge-to-spin conversion due to ST-FMR. (b) Optical microscope image
of the ST-FMR device. ST-FMR mixing voltage signal measured in (c) a Py(4 nm)/Cd3As2(12 nm)
heterostructure with CdOx and (d) in an in vacuo grown Py (5 nm)/CdzAsz(8 nm) heterostructure
without CdOx. We used a microwave power of 20 dBm and swept the magnetic field at different
frequencies (data has been offset in both cases for clarity). (e) and (f) ST-FMR spectra of the same
devices shown in (c) and (d), respectively, at 4 GHz showing the measured data and the fit needed
to extract the symmetric (S) and antisymmetric (A) components of the torque. Angle dependence
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the sample with CdOx and (h) for the completely in vacuo grown sample.
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measured using samples with a partially oxidized interface. In these experiments, we placed
the Cd3Ass /Py heterostructure in a grounded microstrip transmission line. We studied the
FMR of the Py ferromagnet by applying a fixed rf signal in the transmission line while
sweeping an external magnetic field (Fig. 4(a)) [1, 2, 8, 42]. The external magnetic field
excites the dynamics of the ferromagnet, generating precession of its magnetization which
can then be measured as a change in the power absorbed under resonance conditions (Fig.
4(c)) [1, 8, 12]. The frequency dependence of this FMR phenomenon is again characterized
by the Kittel equation. As we performed the FMR experiment, we simultaneously measured
the voltage generated in the CdsAs, film under resonance conditions (Fig 4(b)). This signal
can be decomposed into two contributions. The dominant contribution is linear in power
(Fig. 4(d)) and changes sign with magnetic field direction (Vsp). The secondary contribution
is less than 1.5 uV and does not change sign under field reversal (see Appendix C)[43]. The
behavior of Vsp, which we attribute to spin to charge conversion due to spin pumping from
the ferromagnet is similar to the inverse spin Hall effect (ISHE) in HMs and the inverse
Rashba-Edelstein effect (IREE) in topological insulators and 2D electron systems in which
an electric field (E) is generated in a direction perpendicular to the spin current (J;) and
its spin polarization (o), i.e: Ex J, x & [1, 8, 12, 37]. Again, the sign of the voltage signal
matched that of Pt, consistent with our ST-FMR and theoretical results.

We have measured SP in 8 heterostructures with CdszAs, film thickness ranging from 12
nm to 200 nm (measured by STEM and x-ray reflectivity) and a Py thickness of 30 nm.
Additionally, as a control experiment, we performed the same SP measurement in a sample
with just Py and the GaSb buffer layer; we did not detect a voltage signal under resonance
conditions. Thus, we are sure that the spin-to-charge conversion is due to the presence of
the CdzAsy layer. We also use the broadening of the linewidth of the absorption spectra
in the CdsAsy samples (AHeg,as,) and the GaSb samples (AHgqgp) to compare the spin
mixing conductance (g4;) in the two cases [1, 8, 44]:

27V/3M st Nire

= AHcg.as, — AHgasy). 4
g1l i (AHcdy as, GasSh) (4)

Here, g is the Landé factor, up is the Bohr magneton, and w is the resonance frequency of

our samples (ranging between 5 mm and 12 mm). We obtain a spin mixing conductance
in the range between 1.0 x 10 m=2 to 3.5 x 10'® m~2. The difference in spin mixing

conductance amongst samples might be due to variations in the Py/CdzAss interface during

11



fabrication. We can further compute the spin current pumped into the CdsAs, layer using

equation [1, §]:

o0 g1 h2 i [747TM5 + /(YA Mg)? + 4w2]
Js =+ : g
T h 27(AHggyas)? [(vATMg)? + 407 (5)

Here, hgrpr is the magnetic field generated by the transmission line which has been cal-
ibrated using the ISHE of Pt and the IREE of BisSe;. We obtain values of J; that range
between 0.5 x 10* Am~2 to 3.4 x 10* Am~2.

Finally, we compute the efficiency of the spin-to-charge conversion by calculating the
charge current (J,) generated in the film by normalizing the measured voltage signal by the
sample width (w) and its resistance (R). We obtain values that range from 2.6 x 107" Am™!
to 7.0 x 107%Am™". The interconversion is more efficient than the Py(30 nm)/Pt(20 nm)
control sample which has gy = 2.7 x 10" m™2, J, = 2.6 x 10* Am™? and J. = 9.16 x
107 Am~!. Since DSMs can have both (topological and trivial) surface and bulk states
23], we tentatively describe the efficiency of the conversion in terms of bulk spin Hall angle
(Ospy) with spin diffusion length (Asp) and surface inverse Rashba-Edelstein effect with

effective length (A;ppg) [1, 8, 9].

~ Vsp

Je=SR T

t 59
— [0z Agp tanh Cds A + Arree| Js (6)
2Xsp

Large variations in sample fabrication (differences in roughness, carrier density, and the
presence of CdOx at the Py/CdsAs, interface) prevent reliable fits to equation 6 (see ap-
pendix F). Nevertheless, we can draw some conclusions in limiting cases. If we assume that
the spin-charge conversion is governed solely by the 2D Rashba-Edelstsein physics at the
interface of the sample, we can approximate Jc/Js = A\jgpp, yielding values in the range
~ 0.1 — 1.2 nm. This spread in values might be due to variations in the interface among
samples [45-47]. Instead, if we assume that the spin-charge conversion is dominated by a 3D
bulk contribution with a spin diffusion length in Cd3As, that is smaller than the thickness
of our thinnest spin pumping samples (Agp < 40 nm), we can approximate J./Js = OsgAsp-

Combined with the spin torque efficiency measured using ST-FMR, this yields Agp < 5.5 nm.
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FIG. 4. (a) Illustration of spin-to-charge conversion due to SP. (b) Voltage signal measured in the
Cd3As2(40 nm)/Py(30 nm) heterostructure at room temperature with an applied microwave power
of 20 dBm. (c) SP voltage signal (Vsp) and FMR absorption spectra (dI /dH) measured at 3 GHz
and 23 dBm. (d) Charge current (J.) as a function of power for CdzAs2(40 nm)/Py(30 nm) and

Py (30 nm)/Pt(20 nm) heterostructures showing linear behavior.

VI. DISCUSSION

We now summarize our experimental findings, discuss them in the context of our theo-
retical calculations, and compare them with other recent experiments that have attempted
to probe spin-charge conversion in CdzAs,. In CdzAs, /Py bilayers with an oxidized inter-
face, our measurements at room temperature reveal a spin-torque efficiency & = 0.22 —0.27,
a spin Hall conductivity ogy = 140 %%, and spin-charge conversion efficiency Jo/J; =
OsuAsp tanh(tcgsas,/2Asp) + Arree =~ 0.1 nm — 1.2 nm. In Cd3As,/Py bilayers with a

pristine interface, we find ogg = 63 %% and and £ ~ 0.1. We note that the spin torque
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efficiency € in both cases is comparable to the reported values of HMs such as §-W and Pt
[1, 7, 12, 39]. Finally, the variation of the ST-FMR signal as a function of in-plane field
angle indicates that the spin current does not have an out-of-plane polarization. We now

discuss these results in light of our theoretical calculations.

The SHE can be theoretically classified into intrinsic and extrinsic contributions. As
discussed earlier, the intrinsic SHC of the bulk states, which is determined by the spin Berry
curvature in the wave function, can be calculated from the first-principles band structure
considering x,y in the (112) crystallographic plane and the spin current along z, as in the
experimental setup (see Appendix A). Our calculation shows that the intrinsic SHC is small
close to the charge neutral point and has local maxima either on the electron-doped or hole-
doped side. At the chemical potential of the experimental samples, we obtain an intrinsic
SHC 0¥, = 10 23 We note that the surface can also host DSM Fermi arc states that
originate from the quantum spin Hall edge states; their contribution to the SHC is equivalent
to the intrinsic bulk SHC due to the bulk-boundary correspondence. The predicted value of
the SHC is about one order of magnitude smaller than the experimental value ~ 140 g%
measured in samples with an oxidized interface. These observations imply that the SHE in
samples with an imperfect interface is dominated by extrinsic effects. Our measurements of
samples with a pristine interface reveal a SHC ~ 63 %% Although more consistent with
theory, this value is still quite large, suggesting that even in the samples with a pristine
interface, we cannot rule out an extrinsic mechanism for the experimental observations (for
example, the Rashba-Edelstein effect from trivial surface states). In principle, we may be
able to identify intrinsic contributions to spin-charge interconversion in CdzAsy by carrying
out spin pumping and ST-FMR experiments in electrostatically-gated CdsAs, films as a
function of chemical potential. However, in our current samples that interface Cd3zAss films
with a metallic FM, this is not physically possible. Our calculations also predict an out-
of-plane spin polarization in the spin current due to the intrinsic SHE o7, = 16 %% The
non-zero o2, is induced by the symmetry breaking along the [112] axis. However, our angle

dependent ST-FMR measurements show that the spin is in-plane, perpendicular to the

charge and spin current directions, in samples with both oxidized and pristine interfaces.

Thus, our key conclusion is that extrinsic contributions with surface and/or bulk origin
dominate the spin-charge interconversion in CdzAs,/Py bilayers with both oxidized and

pristine interfaces. We draw these conclusions using a concerted set of ST-FMR and spin

14



pumping measurements in thoroughly characterized samples. These observations and con-
clusions are consistent with studies in other systems showing that oxidation can enhance
spin torque phenomena by increasing the bulk spin Hall effect or by producing an inter-
facial Rashba effect in oxidized metals [48-54]. A rigorous identification of the physical
mechanisms responsible for the spin-charge interconversion via these extrinsic mechanisms
is beyond the scope of this manuscript since it requires a detailed microscopic knowledge of
the underlying states created by band bending, their spin texture, and the spin-dependent

scattering mechanisms.

Finally, we compare our results with other recent studies of spin transport and spin-
charge conversion in CdzAss. Measurements of dc spin transport in CdsAs, have been
attributed to Fermi arc related physics by performing spin potentiometry in electrostatically-
gated chemical vapor deposition-grown CdsAs, nanowires samples [19] and nanoplates [20].
Although it is not possible to use ARPES to verify the presence of DSM states (or Fermi
arc states) in these nanostructured devices, the gate-dependent transport is consistent with
expectations for Dirac states in CdsAs,. The measurements show an enhancement of the
spin polarization as the chemical potential is tuned close to the charge neutral point. Both
these sets of experiments appear to show an in-plane spin polarization, consistent with our
experimental measurements but inconsistent with our theoretical predictions for the spin
polarization due to the Dirac states in CdsAs,. Since the devices used in these studies
have an oxide over the entire surface of the spin transport device (except at the ohmic
contacts), it is possible that the extrinsic spin-charge conversion mechanisms identified by
our study may also play a role. Indeed, one of these studies [20] insightfully indicated
the presence of a Rashba splitting at the interface of CdzAss and a ferromagnetic metal. In
another recent experiment, spin transport experiments were carried out on devices fashioned
from MBE-grown CdzAs, films. The non-local Hanle effect was used to deduce very long
spin diffusion lengths (~ pm at 7" = 3 K) and a non-local spin valve effect was observed
at room temperature in devices with a spin channel length around 4 pm [22]. Noting
that this experiment used MBE-grown CdsAs, thin films with mobility and carrier density
similar to those used in our study, we do not have an explanation for the several orders of
magnitude discrepancy in the spin diffusion lengths extracted from this dc (or low frequency)
spin transport experiment and our microwave frequency spin transport experiments. These

discrepancies will only be resolved by carrying out a concerted set of measurements of
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ST-FMR, spin pumping, spin potentiometry, and non-local spin valve measurements in a
common set of well-characterized Cd3As, devices.

In summary, we have carried out systematic measurements of spin-charge interconversion
in well-characterized films of a topological semimetal, Cd3Ass,, revealing the importance of
large extrinsic contributions to the spin Hall conductivity that can arise at an imperfect
interface. Even measurements at a pristine interface suggest a contribution that may arise
from a trivial (Rashba) surface state. These results show that imperfect interfaces can
sometimes be useful for enhancing spin-charge conversion efficiency for practical devices.
Our results also raise caution about the interpretation of spin transport measurements in
CdsAs, that attribute observations to surface Fermi arcs. Finally, we provide a theoretical
framework that can provide guidance for future studies that seek to differentiate the intrinsic

and extrinsic contributions to the spin transport phenomena in CdsAss.
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Appendix A: Intrinsic spin Hall effect calculations

The spin current J?* generated by electric field B via spin Hall conductivity (J?* =
Uijj), where J?* flows along i direction when spin polarization along k direction. We
evaluate the spin Hall conductivity (SHC) (o;) by the Kubo-formula approach in the linear

response scheme[36],

=t [ 099, (A1)
Yok — Jpz (27) " i
: n(K) |75 1t () (i (K) | [ ()
QF (k) = 2il2 (un(k)|J; J (A2)
. L B - BaP
Here, €, is the eigenvalue of the |n) eigenstate, and 0; = gd—fli (i = z,y, z) is the velocity

operator, f, is the Fermi-Dirac distribution. jf is the spin current operator which is related
to the velocity operator(?;) and spin operator(s;) as 7 = [0, ;] A k-point of grid of 200 x
200 x 200 is used for the numerical integration in Equation Al.

We set the z,y, z axes as the crystallographic a, b, ¢ axes, respectively. According to the

space group symmetry and time-reversal symmetry, the afj tensor has only three independent

z
xy?

T

matrix elements, o -

oY, and o,, as shown in Table 1. SHC depends sensitively on the
chemical potential, as shown in Fig. 5.

The DFT band structure is shown in Fig. 5. The Dirac point appears at k, = +kp
between I" and Z, well consistent with previous work. The Dirac bands contribute mainly
to the o, component. This is consistent with the fact that the &, = 0 plane between two
Dirac points is a quantum spin Hall insulator. If we approximate all k£, planes between two

Dirac points are quantum spin Hall states, then we can estimate the 3D SHC by,

o k’D 1 262 w

F=—(—=)— A3
Oay kZC/Qh(e) (A3)
where ky is the I' — Z distance in the Brillouin zone, % is the conductance quantum, c

is the lattice parameter of the tetragonal unitcell, and % converts the dimension from the
charge current to the spin current. By taking % = 14 % from the band structure and lattice
parameter ¢ = 25.4 A, we obtain 07, =40 S-cm™" (h/e). This is actually very close to the
numerical value in Table 1.

When rotating the z axis to the [112] crystallographic axis, which is approximately the

[111] direction in the Cartesian’s coordinate. We can transfrom the SHC tensor by the
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unitary rotation [55],

U[llz]fj = Z DilekanU[001}7m (Ad)
l,mmn
where Dy, is the rotation matrix element that rotates the z axis to the [112] crystallographic

axis. The transformed SHC matrix is shown in Tables 1 and 2.

When z,y align in the (112) crystallographic plane, the new x,y, 2 axes are not high-
symmetry lines as those before. Therefore, new matrix elements emerge in the SHC. When

O.CC

charge flows in the x,y plane and spin flows along 2z as the experiment setup, o¥,,07,,07,

are the relevant SHC matrix elements. Here, 0¥, = 10 S-em™! (h/e) is about one order of
magnitude smaller than the experimental SHC, 140 S-cm™! (fi/e). This suggests that the
main contributions to the observed SHE are related to extrinsic effects. In addition, o2,
indicates the existence of an out-of-plane spin component in the spin current. Suppose the

intrinsic SHE prevails under certain experimental condition, we expect that the out-of-plane

polarization may play a significant role in the spin-orbit torque.

a O%y
( ) 1 T 1 T = (b) 1
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Fig. 5. Band structure, spin Berry curvature and spin Hall conductivity along the (001)
direction. Calculated band structure and spin hall conductivity of bulk Cd3zAss. The color
in the band structure shows the spin Berry curvature (€2;,). The right panel presents three
independent values of spin Hall conductivity calculated in the (001) direction as a function

of chemical potential.
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TABLE 1. Calculated spin Hall conductivity of Cd3Ass at the charge neutral point. The SHC is

in the unit of (S-em™! (h/e))

o® oY o”
0 0 0 0 0 oY, 0 U;y 0
Magnetic Laue group
0 —ov, 0 00 -0z 00
4/mmm z[001]
0 -0y, O o, 0 0 0 0 0
00 O 0 01 0 400
Calculation
00 —1 0 00 —40 0 O
z[001]
08 O —-800 0 00
00 O 0 —19 —26 0 13 19
Calculation
0 -3 —6 23 0 0 -8 0 0
z[112]
03 3 24 0 0 -23 0 0

TABLE II. Calculated spin Hall conductivity of CdsAsy at the experimental Fermi level (0.2 eV

above the charge neutral point). The SHC is in the unit of S-em™! (%/e).

o” o¥ o*
0 0 0 0 0o, 0 O;y 0
Magnetic Laue group
0 —0d, 0 0 O —U;zy 0 0
4/mmm z[001]
0 —o?, O o/, 0 0 0 0 0
0O 0 O 0 0 —12 0—-10
Calculation
0O 0 12 00 O 1 0 O
z][001]
0-32 0 320 0 0 0 0
0 0 0 0 6 =3 0 8 —6
Calculation
0 10 25 —-150 0 —200 0
z[112]
0 —19 —10 10 0 O 16 0 0O
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Appendix B: Analysis of spin polarization in ST-FMR measurements

Following the procedure sketched in [41], we can study the direction of the spin polariza-
tion of the spin current in CdzAs, by performing an angle dependent ST-FMR measurement.
Different polarizations will contribute to different functional forms of the spin current (Fig.
6 (a)):

Vg o< sin(@)sin(2¢), Vs, x cos(¢p)sin(2¢), Vs, o sin(2¢) (B1)

We fit the symmetric and antisymmetric ST-FMR data with a spin polarization along the
y axis and along all three axes (Fig. 6 (c) and (d)). The two fits do not show any significant
differences. In the latter case, the amplitudes of the voltage signal with spin polarization
along the x and z axis (Vg, and Vs,) are less than 5% the value with spin polarization along
the y axis (Vgs,). Thus, we are confident that the direction of the spin polarization of the

measured torque is in the plane of the sample and transverse to the current direction.
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Fig. 6. (a) Theoretical angle dependent functional form of the ST-FMR signal with spin
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polarization along different axis. (b) Image of one of our samples showing the coordinate
axis. Angle dependence of the symmetric (b) and antisymmetric components of the torque

fitted with spin polarization along the y axis (red) and all axes (black).

Appendix C: Symmetric and antisymmetric components of the spin pumping signal

As mentioned in the main text, the voltage signal measured in our samples (Fig. 7(a))
can be decomposed in an anstisymmetric signal that changes sign under field reversal (Vgsym
shown in Fig. 7(b)) and a symmetric one that does not (Vy,, shown in Fig. 7(c)). When
we increased the power in the transmission line, we found that Vs, increases linearly
as expected from ferromagnetic driven spin pumping into the CdsAs, layer from the NiFe
ferromagnet. The symmetric signal has an amplitude of less than 4% of the asymmetric one
and is non-linear with power. This is consistent with a possible Seebeck effect induced by

the microstrip not being perfectly centered over the sample [43].
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Fig. 7. (a) Voltage signal measured in a Py(30 nm)/Cd3As;(40 nm) heterostructure as we
sweep the magnetic field. Magnitude of the antisymmetric (b) and symmetric (¢) components

of the voltage signal at resonance condition as a function of power.
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Appendix D: Study of the Cd3As2/Py interface

In the samples presented in the main text, atomic resolution high-angle annular dark-
field (HAADF) scanning transmission electron microscopy (STEM) and energy dispersive
X-ray spectroscopy (EDX) of the Cd3As, /Py heterostructures show a 1 nm to 1.5 nm thick
amorphous CdOx layer at the interface (Fig. 8). This probably forms during the ambient

condition transfer of samples from the MBE chamber to the metal evaporation chamber.

(b) T2

Ni =
cd Be 0=
0 20 40 60 80

Concentration (at %)

Position (nm)
S

-t
o

Fig. 8. STEM-EDX elemental map of the Cd3Asy /Py interface. (a) HAADF-STEM image
and elemental maps of Ni, Fe, O, Cd, and As. Scale bar is 10 nm. (b) Concentration of
the elements in (a) across the interface. Note the ~ 1 nm amorphous layer of CdOy at the
interface

To avoid the oxidation effect at the CdsAs, /Py interface, we have fabricated ST-FMR
devices using a full in vacuum transfer procedure with a vacuum suitcase. Differences in
sample holder configurations that allowed the compatibility between chambers seemed to
increase the roughness of the Cd3Asy layer which increased the noise level in our measure-
ments. Nevertheless as seen in Fig. 9, we have successfully been able to remove the oxide
layer at the interface. Moreover, we have been able to measure an ST-FMR signal that
clearly shows resonance up to 8 GHz (Fig. 10). This allowed us to compute the spin torque
efficiency £ = 0.10 and SHC ogy = 63 Z% of this device. This experimental value is closer
to the intrinsic theoretical one and seems to indicate the possibility that the CdOy layer en-

hances the extrinsic spin Hall effect. Furthermore, the data corroborates that the measured
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signal is due to charge to spin conversion in the Cd3As,/Py interface as presented in the

main text.

Position (nm)

n

Fig. 9. (a) HAADF-STEM image of the top layers of the device. The scale bar is 10
nm. (b) Concentration of the elements in (a) across the device interface layers shown. (c)

Elemental maps of O, Al, Ni, Fe, As, Cd, Ga and Sb. Scale bar is 10 nm.
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Fig. 10. (a) ST-FMR mixing voltage measured at different frequencies in a completely
in vacuo grown heterostructure. (b) Angle dependance of the symmetric (red) and antisym-
metric (blue) components of the torque fitted with an in plane spin polarization (continuous

line) and a three dimensional spin polarization (dotted line).
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Appendix E: PNR measurements in Cd3As2/Py heterostructures

To examine the possibility of proximity-induced magnetism in the CdsAs,y layer caused
by the adjacent ferromagnetic Py layer, we performed room-temperature polarized neutron
reflectometry (PNR) measurements at the PBR instrument at the NIST Center for Neutron
Research (NCNR). The incident neutrons (A = 4.75 A™!) were spin polarized parallel or
antiparallel to the 2 T applied in-plane magnetic field, and the specular reflectivity was
measured as a function of ), the momentum transfer vector along the film normal direction.
The spin-dependent neutron reflectivity is sensitive to the nuclear and magnetic scattering
length density (SLD) depth profiles, so that depth-resolved information on the structure and
magnetization may be extracted through fitting. Since the 2 T in-plane field is more than
sufficient to saturate the Py magnetization, no in-plane component of the magnetization
is expected to be perpendicular to the applied field. Therefore, only the non-spin flip re-
flectivity cross sections, sensitive to the in-plane magnetization parallel to the applied field,
were collected while the spin-flip cross sections, sensitive only to the in-plane magnetiza-
tion perpendicular to the applied field, were not. We reduced and analyzed the data using
the Reductus and Refl1D software programs, respectively [56, 57|. Parameter uncertainties
were estimated using a Markov chain Monte Carlo (MCMC) method as implemented in the

DREAM algorithm of the BUMPS python package.

The best fit to the data, shown in Figure 11, was generated using a model which allowed
for a proximity-induced magnetization of varying thickness in the Cd3As, at the interface
with the Py layer. However, the best fit to the data yields no induced magnetization in the
CdsAs, at the interface, indicating a lack of proximity-induced magnetization within mea-
surement sensitivity. Since the thickness and magnetization of a proximity-magnetized layer
are often highly coupled parameters, uncertainty analysis was performed using a modified
model in which the proximity-magnetized layer thickness was fixed at a typical value of 2
nm. In this case, DREAM analysis indicates an extremely small upper limit (95% confidence
interval) of 10 kA /m. The model shown does not incorporate the CdOy layer observed in
STEM imaging, as modeling which incorporated this layer did not yield a notably different
fit from those that did not. This will be understood given that the extremely thin 1 nm
layer yields oscillations with a periodicity of approximately 6.28 nm~! in Q, far outside the

measured range. Further, the expected CdO, thickness is the same order of magnitude as
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the fitted roughness at the Cd3As, /Py interface. Lastly, we note that the theoretical nuclear
SLD (4.065 x 107" nm~2) of CdO, is between that of Cd3As, and Py. Taken together,
these factors suggest that the structural features associated with the CdOy layer are likely
to be extremely muted. Rather, we propose that the CdO, layer will blend into the CdzAs,
interface and will likely instead manifest in the SLD profile as a small magnetically dead
layer in the Py at the Cd3As, interface. Indeed, incorporating such a magnetically dead layer
in Py near the CdzAs, interface into the model yields a thickness of 1.04 nm + 0.07 nm,
in excellent agreement with the STEM and EELS. PNR measurements therefore indicate a
lack of proximity-induced magnetization at room-temperature and confirm the presence of

a nonmagnetic oxide-like layer at the interface.
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Fig. 11 (a) Spin-dependent PNR data from a CdsAss/Py bilayer at room-temperature in
an applied field of 2 T alongside a theoretical fit. We show the Fresnel reflectivity, where the
measured reflectivity is normalized by the Q-dependent theoretical reflectivity of the GaAs
substrate. (b) Measured spin asymmetry, defined as (R™ - RH)/(R™ + R¥) alongside
theoretical fit. (c) Best fit nuclear and magnetic scattering length density (SLD) profiles
used to generate the fits shown. The right axis shows the magnetization which is equivalent

to a given magnetic SLD value.

27



Appendix F: Summary of the samples measured in this study

As mentioned in the main text, we have measured spin and charge interconversion in 13
devices. In figure 12 we show the spin Hall angle and Jc/Js ratio for the ST-FMR and SP
samples used in this study. Furthermore, Table III shows the thickness of the NiFe and

Cd3As, layers in each heterostructure and the measurements performed.

(a
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2 0.21 - .
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Fig. 12 (a) Spin Hall angle determined from ST-FMR at different frequencies in dif-
ferent samples. (b) Je/Js ratio and spin mixing conductance (gp;) obtained from SP in

heterostructures with 30 nm of NiFe and variable Cd3As, thickness.
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TABLE III. Samples used in this study indicating the nominal thickness of the Cd3Asy and Py

layers and the measurement performed to study the spin-charge interconversion. Samples with an *

were used to calibrate the deposition rate via transmision electron microscopy and x-ray reflectivity

(XRR).
Sample CdsAsy NiFe Measurement
number thickness (nm) thickness (nm) performed
190130A 40 30 Sp
190509A* 50 30 SP, TEM, XRR
190510A* 125 30 SP, TEM, XRR
190612A 50 30 SP
190703A 75 30 Sp
190718A 150 30 SP
190719A 200 30 SP
190814A 80 4 ST-FMR
190929A 20 4 ST-FMR,
191002B* 19 4 ST-FMR, XRR
191127B* 12 4,5,6 SP, ST-FMR, XRR
201125A% 8 7 ST-FMR, TEM
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