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Thin film growth of the Weyl semimetal NbAs
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‘We report the synthesis and characterization of thin films of the Weyl semimetal NbAs grown on GaAs (100)
and As-terminated GaAs (111)B substrates. By choosing the appropriate substrate, we can stabilize the growth
of NbAs in the [001] and [100] directions. We combine x-ray characterization with high-angle annular dark field
scanning transmission electron microscopy to understand both the macroscopic and microscopic structure of the
NbAs thin films. We show that these films are textured with domains that are tens of nanometers in size and
that, on a macroscopic scale, are mostly aligned to a single crystalline direction. We describe electrical transport
measurements that reveal similar behavior in films grown in both crystalline orientations, namely resistivity in
the range 420—450 u2 cm and carrier densities in the range ~10?'-10%2 cm~ at 2 K. Finally we measure spin
to charge conversion in NbAs and show that it qualitatively agrees with first principles calculations.

DOL: 10.1103/PhysRevMaterials.8.034204

I. INTRODUCTION

The TX class (T=Ta/Nb X=As/P) of transition metal
monopnictides is a promising quantum materials platform
for studying topological phenomena of contemporary inter-
est because the bulk band structure corresponds to that of
a topological Weyl semimetal [1-4]. Broken inversion sym-
metry in this class of materials leads to Weyl nodes with
different chiralities; when projected onto the surface of the
crystal, these nodes are connected by topological surface
states (Fermi arcs) [1,2,4-6]. Interesting physical phenom-
ena observed in these canonical Weyl semimetals include the
chiral anomaly in charge transport, transport in the quantum
limit under high magnetic fields, phase transitions between
different topological states, strong intrinsic spin Hall effect,
and symmetry-induced nontrivial spin-orbit torque [5,7-10].
Prior studies of this family of topological semimetals have
primarily focused on bulk single crystal samples; while these
are of high structural quality, thin film samples grown on sub-
strates compatible with standard semiconductor processing
are more desirable if these Weyl semimetals are to become
useful for technological applications [3,11]. This is espe-
cially true in topological materials where certain macroscopic
properties like spin-momentum correlation are topologically
protected and enforced by symmetry in a way that is robust
against disorder [12-15]. An extreme example is the recent
recognition that topological aspects of the electronic states
persist even in amorphous Bi,Ses [13]. In the specific case
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of spintronics applications, it is acceptable to compromise
on the single crystalline quality due to short spin diffusion
lengths (a few nm). For example, manufacturing processes in
the spintronics industry routinely use sputtered polycrystalline
thin films for information storage applications such as spin
valves for read heads and spin transfer torque magnetic ran-
dom access memory. In the context of topological spintronics,
efficient charge-spin interconversion has been demonstrated
in polycrystalline textured films of topological insulators[16],
Weyl semimetals [17], and Dirac semimetals [18]. Thin films
are also desirable because of the possibility of modulating
the band structure, studying proximity induced phenomena,
or controlling the crystalline orientation by substrate strain
[19-21]. The last is particularly important because transition
metal monopnictides are expected to have anisotropic ob-
servables that follow their tetragonal crystal symmetry due
to Neumann’s principle [22,23]. It is thus of fundamental
interest to have large area thin film Weyl semimetal samples
with a well defined and controlled macroscopic crystalline
orientation if such physics is to be explored.

In this context, the synthesis of thin films of TaAs, TaP,
and NbP has been achieved recently using molecular beam
epitaxy (MBE) and pulsed laser deposition with different
structural qualities [15,24-26]. In this study, we develop the
synthesis of NbAs thin films on a GaAs substrate using
MBE. We show that the growth of NbAs along different
crystalline directions can be stabilized by judicious choice of
the substrate direction. We then use x-ray diffraction to un-
derstand the macroscopic structure of the films, in addition to
characterization using atomic force microscopy and electrical
transport measurements. We use high-angle annular dark-field
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FIG. 1. (a) Crystal structure of NbAs. (b) Top view of GaAs (100), NbAs (001), and NbAs (001) on top of GaAs (100). (c) Top view
of GaAs (111)B, NbAs (100), and NbAs (100) on top of GaAs (111)B. We show the square and hexagonal symmetry and lattice mismatch

between the films and the substrates.

scanning transmission electron microscopy (HAADF-STEM)
to show that our films are textured with single crystal domains
that are tens of nanometers in size. Finally, we measure spin
to charge conversion in NbAs and show that it qualitatively
matches the expected results from first principles calculations.

II. RESULTS
A. NDbAs thin films grown on III-V substrates

We first discuss the choice of substrate for the growth of
NbAs thin films. NbAs is a transition metal monopnictide that
has 12 pairs of Weyl nodes in its band structure [1,4,11]. It
is a member of the I4;md space group and crystallizes in a
body-centered tetragonal structure [Fig. 1(a)] with a lattice
constant of a = 0.345 nm and ¢ = 1.168 nm [1,2,11]. It is
difficult to find an appropriate lattice-matched substrate with
a lattice constant in this range [27]. Based on previous reports
of MBE growth of this family of semimetals [5,15,24,25],
we tried using different III-V semiconductors (GaAs, GaP,
and InAs) as our substrates. Amongst these, the best results
were achieved in GaAs which had a lower lattice mismatch
than InAs and, unlike GaP, had the right surface chemistry to
promote NbAs growth. In this paper, we focus on studying
NbAs films grown on GaAs; further information about char-
acterization of NbAs on other substrates can be found in the
Supplemental Material [28].

An analysis of the crystal structure of NbAs suggests that
the growth of NbAs (001) can be stabilized by using GaAs
(100) as a substrate [Fig. 1(b)]: here, the lattice mismatch is
16% along the (110) and 18% along the (100) GaAs direc-
tions. Although this is a very large lattice mismatch within the
context of epitaxial growth, it is within range to allow NbAs to
grow with a 45° rotation with respect to the (100) GaAs direc-
tion. NbAs (100) has a similar relationship with GaAs (111)
as a substrate: Fig. 1(c) shows that if we superimpose both
lattices, the NbAs atoms roughly align with the hexagonal
structure of GaAs (111) with a 17% mismatch on each side.

We carry out the synthesis of the NbAs films in a VEECO
930 MBE chamber while monitoring the growth using
reflection high energy electron diffraction (RHEED) at 12
keV (Fig. 2). We desorb the native oxide on an epiready
semiinsulating GaAs substrate and then grow 30 nm of GaAs
at a thermocouple temperature of 720 °C. This corresponds
to 540 °C measured using the temperature dependent optical
absorption edge of GaAs. We used Ga (5N) and As (5N)
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FIG. 2. RHEED pattern of (a) GaAs (100) substrate along the
[110], [110], and [010] directions. (b) NbAs (001) thin film along
the same directions as (a), (c) GaAs (111)B substrate along the [121],
[110], and [211] directions, and (d) NbAs (100) thin film along the
same directions as (c).
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FIG. 3. X-ray diffraction 26 — w scan of NbAs grown on (a) GaAs (100) and (b) GaAs (111)B. Pole figures around the NbAs {112}
direction for samples grown on (c) GaAs (100) and (d) GaAs (111)B. Atomic force microscopy image of (e) NbAs (001) and (f) NbAs (100)
showing a root mean square (RMS) surface roughness of 1.4 nm and 0.9 nm, respectively.

sources evaporated from standard effusion cells. The As:Ga
beam equivalent pressure ratio is ~14 (as measured using
an ion gauge). After this, we cool down the substrate to a
thermocouple temperature of 400 °C in the presence of As
flux. At this point, we observed a RHEED pattern showing a
2 x 4 surface reconstruction for GaAs (100) [Fig. 2(a)] and a
C6 symmetry for As terminated GaAs (111)B [(Fig. 2(c)]. We
chose As-terminated GaAs (111)B substrates instead of Ga-
terminated GaAs (111)A because this requires a lower As flux
during GaAs desorption and growth. This allows us to obtain
an optimal growth rate while also minimizing As vacancies
during growth. We then increase the substrate temperature
to 700750 °C (measured by a thermocouple in the substrate
manipulator) and simultaneously deposit As and Nb (the
latter from a SPECS EBE-4 4 pocket e-beam evaporator),
obtaining the RHEED pattern shown in Figs. 2(b) and 2(d).
In the case of NbAs grown on GaAs (100) [Fig. 2(b)], the
RHEED pattern is different in the [110] and [110] directions.
This follows the C, symmetry of the GaAs substrate in the
2 x 4 reconstruction. In the case of NbAs grown on GaAs
(111)B [Figs. 2(c) and 2(d)], the NbAs RHEED pattern is the
same in the GaAs [121] and [211] crystal directions which

are 60° apart. This indicates a C¢ symmetry in the NbAs thin
film due to twinning during growth.

B. Macroscopic structural characterization
of the NbAs thin films

To characterize our films on a macroscopic scale, we
use x-ray diffraction. First, we perform a coupled 26 — w
scan on NbAs grown on GaAs (100) [Fig. 3(a)] and detect
the presence of diffraction peaks from NbAs (001). Sec-
ond, we perform a similar scan on NbAs grown on GaAs
(111)B [Fig. 3(b)] and detect the presence of NbAs (100).
We notice that there is a small peak at 37.5° in NbAs (001)
corresponding to strained cubic Nb (110). This is suppressed
in NbAs (100). We emphasize that these different crystalline
planes are not equivalent due to the tetragonal crystal structure
of NbAs (Fig. 1). To quantify the degree of crystallinity in our
films, we perform a rocking curve (@ scan) around the NbAs
peaks and obtain a full width half maximum (FWHM) of 1.3°
for NbAs (001) and 2.1° for NbAs (100). To understand the
planar structure of our films, we measure a pole figure around
the NbAs {112} direction. We observe the presence of two
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FIG. 4. (a) HAADF-STEM image of the NbAs (001) thin film on a GaAs substrate. (b) STEM-EDX elemental maps of Nb, As, Ga, and O
in the film. (c¢) Concentration of the elements in (a) across the NbAs/GaAs interface.

different sets of peaks corresponding to the GaAs reflection of
copper KB and NbAs K« radiation. We find that NbAs (001)
stabilizes with a 45° rotational offset with respect to the basal
plane [Fig. 3(c)]. As stated before, this is due to the lower
lattice mismatch in the GaAs (110) direction. This agrees
with previous reports of TaP and NbP grown on a substrate
with cubic crystal structure and high lattice mismatch [25].
The difference in intensity between the peaks at 0° and 90°
suggests that there is a preferred direction of alignment of the
domains in the sample, probably due to the 2 x 4 GaAs sur-
face reconstruction achieved before the growth. In Fig. 3(d),
we see the presence of three dominant GaAs peaks with the
expected C3 symmetry of GaAs in the (111) direction. We also
see the presence of six NbAs peaks that are 60° apart. This
indicates the presence of domains (twins) that are rotated
by 60° with respect to each other. Finally, to understand the
structure of the surface of the films, we use atomic force
microscopy (AFM) imaging on these samples. In both sur-
faces [Figs. 3(e) and 3(f)] we see domains that are tens of
nanometers in size. The main difference between these dif-
ferent surfaces is that in the (001) plane we see the presence
of a rougher surface with domains that show the tetragonal
structure of NbAs, while in the (100) direction, we have a
smoother surface with a higher degree of disorder. This quali-
tatively agrees with the larger FWHM obtained in the rocking
curve in NbAs (100).

C. Microscopic structural characterization
of the NbAs thin films

To understand the microscopic structure of NbAs in the
thin film regime, we use HAADF-STEM imaging and energy-
dispersive x-ray spectroscopy (STEM-EDX). The results
shown in the present manuscript correspond to NbAs (001)
grown on GaAs (100). Similar measurements are obtained
for NbAs (100)/GaAs (111)B. Figure 4(a) shows a cross-
section HAADF-STEM image of NbAs on GaAs. The NbAs
layer is polycrystalline with grain sizes in the range of tens of

nanometers, in agreement with the XRD results. The interface
between the NbAs and GaAs is diffuse and shows interdif-
fusion, likely due to the high temperatures required to grow
NbAs and the large lattice mismatch with GaAs. The relative
concentration of Nb:As and Ga:As is 1:1 in both layers, which
confirms the absence of other phases [Figs. 4(b) and 4(c)].
We note that the surface of the films quickly oxidizes under
ambient atmosphere. HAADF-STEM shows a self-limited ox-
ide layer that covers the top ~3 nm of the NbAs film. This
is consistent with our previous studies of other topological
semimetals such as TaAs and CdsAs, [5,17]. This oxidation
process is a serious limitation for characterization techniques
and applications that rely on interacting with the surface of the
films. It also indicates caution when attributing the origins of
unusual physical phenomena to surface states since they could
easily be the result of the states associated with this oxidation
layer [5]. To study the intrinsic physical phenomena of Weyl
semimetals, oxidation should be avoided at all costs by either
careful capping or ultrahigh vacuum transfer of the films.

The polycrystalline NbAs layer has domains oriented along
the major crystal directions, in addition to the presence of
some grain boundaries and twins [Fig. 5(a)]. Two such ex-
amples are shown in Fig. 5(b) which are commonly observed
in the thin films grown on GaAs. Comparison of the fast
Fourier transforms (FFTs) from the grains to the simulated
FFTs confirms the two grains to be along the [001] and [100]
directions, respectively [Figs. 5(c) and 5(d)]. We note that this
is a small subset of several different domains that were iden-
tified in NbAs that had more complex orientations that were
harder to identify. We believe that more complex microscopy
techniques that go beyond the scope of this work (i.e., in-
plane imaging or statistical analysis of domain orientation)
are needed to fully understand the structure of the domains
in NbAs thin films.

D. Electrical transport in NbAs thin films

We also characterized the electrical transport properties of
the NbAs thin films by fabricating Hall bars using standard
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FIG. 5. (a) HAADF-STEM image of NbAs showing polycrystalline structure with multiple grains along different crystal orientations.
(b) Common NbAs orientations observed in grains along with the structural model. (c) and (d) FFT of the NbAs grains highlighted by the
purple and orange boxes respectively along with the simulated FFTs for the (001) and (100) orientations.

photolithography and Ar plasma etching. The dimensions
of the Hall bar devices (length, width, and thickness) are
1000 um x 500 um x 23 nm for NbAs (001) and 40 um x
10 um x 10 nm for NbAs (100). Even though these devices
have different dimensions and were measured with different
current densities, it can be seen that both of them show sim-
ilar qualitative and quantitative behavior. The resistivity (p)
vs temperature (7°) in both samples shows activated behav-
ior [Figs. 6(a) and 6(b)], possibly arising from defects. Hall
measurements performed at 7 = 2 K show linear dependence
with the magnetic field (B) within the range investigated
(£5T), and electrons to be the dominant carrier in both sam-
ples [Figs. 6(c) and 6(d)], with a carrier density (n) 6.5 x
10?2 cm™3 for NbAs (001) and 5 x 10*' cm~3 in NbAs (100).
This is different from TaAs thin films grown in a similar man-
ner where holes are the primary carrier (see the Supplemental
Material)[28] [5]. This suggests that it might be possible to
control the position of the Fermi level in NbAs by introduc-
ing Ta doping. The mobility was calculated using u = -,
where o is the conductivity at B = 0T and e is the electronic
charge, with 4 = 0.2 and 3 cm? (V - s)~! for NbAs (001) and
NbAs (100), respectively. The differences in mobility and
carrier density is probably due to the differences in thick-
ness between samples. Such strong dependence has also been
shown in TaAs thin films with similar quality, which show
reduced mobilities in the ultrathin regime [15]. The Fermi

wavelength (ky) calculated using kf = (3712n)% is ~5 x
10° m~! while the mean free path (/,,), calculated using [,, =
whky /e varies between 10~ — 10~'° m. With these values we
find that k¢l,, = 2.7 and 6.8 for the samples, respectively. We
also performed longitudinal magnetoresistance measurements
at T = 2K, which showed positive magnetoresistance in both
samples [Figs. 6(c) and 6(d)]. Since kl,, satisfies the limit for
diffusive transport conditions, as set by the Ioffe-Regel limit
(kgln ~ 1), we estimated the phase breaking length (/) in
both films by extracting the quantum correction to conductiv-
ity and fitting it with the Hikami-Larkin-Nagaoka expression
[29,30] for weak antilocalization for high spin-orbit coupled

systems:
_ 62 1 B¢ B¢
AO’—(ME[I//(E-i-E)—IH <E>i| @))]

Here, By is the phase coherence field, and « is a fitting param-
eter. We estimate [, = v & to be 50-80 nm in both films.
Further investigation of electrical properties will be carried
out in the future in a broader range of samples to explore the
electrical properties of these materials.

E. Spin to charge conversion in NbAs

As a first step to study the possible technological applica-
tions of NbAs, we carried out spin pumping measurements
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FIG. 6. (a) and (b) Longitudinal resistivity (p,,) as a function of temperature in 23 nm thick NbAs (001) and 10 nm thick NbAs (100).
(c) and (d) Longitudinal resistivity (o) and Hall resistivity (p,,) as a function of magnetic field in NbAs (001) and (100).

in a NbAs (001)/permalloy (Py) heterostructure. For this, the
NbAs films were transferred under ultrahigh vacuum to a
second chamber for the deposition of the ferromagnet using
a vacuum suitcase. This suppresses the possible formation of
oxide at the interface that might affect the spin transport across
the NbAs/Py interface [5,17]. We placed the heterostruc-
ture in a microwave cavity (X-band 9.6 GHz) and applied
a radiofrequency signal while sweeping an in plane external
magnetic field [Fig. 7(a)]. The external magnetic field excites
the ferromagnet, generating precession of its magnetization.
This can be measured as a change in the absorbed power under
resonance conditions [Fig. 7(c)]. Simultaneously, we probe
the voltage in the edges of the sample [Figs. 7(b) and 7(c)]
and measure a large signal when the magnetization is precess-
ing [17,31,32]. We observe that this signal increases linearly
with power [Fig. 7(d)] and switches sign under magnetic field
reversal. This is consistent with spin to charge conversion due
to spin pumping from the ferromagnet into the topological
semimetal. The measured voltage follows the symmetry pre-
dicted by the inverse spin Hall effect (ISHE) and the inverse
Rashba-Edelstein effect (IREE), i.e., E « Js x &, where E is
the electric field produced in the sample, J; is the spin current
flowing from the ferromagnet into the topological semimetal,
and & is the direction of spin polarization [17,31,32]. Taking
both of these phenomena into consideration, we find that the
charge current (J¢) generated in the heterostructure is

__Vsp
"~ WR

where Vsp is the measured voltage due to spin pumping, w is
the width of the sample, R its resistance, sy is the spin Hall
angle, Agp is the spin diffusion length, fypas is the thickness
of the topological semimetal, and A rgg is the inverse Rashba-
Edelstein effective length [17,31,32].

Precisely determining each of these parameters, charac-
terizing the magnetic properties of the ferromagnet, and

INbAs

Ji = | OsyAgp tanh
c I:SHSDan(ZA

) + )"IREE]JS» (2)

SD

calculating the contribution of the inverse spin Hall effect
and the inverse Rashba-Edelstein effect to the measured
phenomena requires more systematic measurements that go
beyond the present study. Nevertheless, we clearly show spin
to charge conversion in the topological semimetal NbAs,
making it a promising candidate for spintronic applications.
We suspect that optimization of Py growth conditions is likely
to lead to even higher spin-to-charge current conversion which
is highly desired for technology. If we assume that the pre-
dominant contribution to the measured signal is due to the
spin Hall effect, we obtain a positive spin Hall angle, and a
positive spin Hall conductivity in electron-type NbAs, that is
opposite to hole-type TaAs control samples (see the Supple-
mental Material). This agrees with first principles calculations
of both NbAs and TaAs that show a positive spin Hall con-
ductivity when the Fermi level is in the conduction band that
changes sign when the Fermi level is in the valence band [10].
This implies that the spin to charge conversion efficiency in
NbAs can be tuned by changing the position of the Fermi
level when introducing Ta into NbAs. It is also possible to
study how crystalline orientation affects the spin to charge
conversion phenomena by performing similar experiments in
NbAs (100).

III. CONCLUSION

In summary, we report the synthesis by MBE of Weyl
semimetal NbAs thin films on GaAs substrates, a semi-
conductor of relevance for optoelectronics. We show that
different NbAs crystalline orientations can be stabilized by
choosing the appropriate substrate orientation. The large lat-
tice mismatch between GaAs and NbAs, coupled with the
high growth temperature needed to achieve NbAs growth,
induces diffusion at the GaAs/NbAs interface. This hinders
the crystallinity of our samples and produces textured films
with domains that are tens of nanometers in size. These
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FIG. 7. (a) Illustration of spin to charge conversion due
to spin pumping. (b) Voltage signal measured in the NbAs
(10 nm)/Py(8 nm) heterostructure at room temperature with different
applied microwave power. (c¢) Spin pumping voltage signal (Vsp)
and ferromagnetic resonance absorption spectra (dI/dH) measured
at 9.6 GHz and 200 mW. (d) Charge current (J¢) as a function of
power showing linear behavior.

domains nonetheless have a well defined crystal structure that
is oriented in different crystalline directions. Despite the large
lattice mismatch, the surface chemistry of GaAs seems to be a
decisive factor for effectively nucleating NbAs growth. There
is some apparent inconsistency between the textured nature of
our films shown in STEM and the clear peaks corresponding

to a single crystalline orientation shown in the x-ray diffrac-
tion data. We reconcile both measurements by proposing the
existence of a preferred crystalline orientation of these do-
mains that can only be seen on a macroscopic scale. More
detailed microscopy studies that include statistical analysis
and in-plane imaging are required to confirm this hypothesis.
We observe that the films naturally oxidize when taken out
of vacuum. This effect makes it difficult to access the elec-
tronic states of NbAs using surface sensitive techniques like
angle resolved photoemission spectroscopy or scanning tun-
neling spectroscopy that involve the out-of-vacuum transfer of
samples between different vacuum chambers. This suggests
caution when trying to probe topological surface states in
this family of Weyl semimetals in samples with an oxidized
surface. We show spin to charge conversion in NbAs (001) at
room temperature that qualitatively agrees with first principles
calculations. This makes it a promising material to be used
in spintronic devices. Finally, we expect that further exper-
imental improvements will allow us to increase the degree
of crystallinity in NbAs films so that we are able to explore
a broader range of physics in this family of well-established
Weyl semimetals.
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