PHYSICAL REVIEW B 110, 054206 (2024)

Anisotropic weak antilocalization in thin films of the Weyl semimetal TaAs
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Device applications of topological semimetals await the development of epitaxial films in the ultrathin limit.
Weak antilocalization (WAL) has been extensively utilized in the understanding of surface states in topological
insulators and shows promise for use in elucidating the properties of thin film topological semimetals. Here, we
report insights from WAL in the surface state and interface transport properties of our recently synthesized single-
crystal-like thin films of the Weyl semimetal TaAs(001) grown on GaAs(001). We observe robust, anisotropic
WAL in the magnetoconductance from 2 to 20 K in films from 10 to 200 nm thick. We link the anisotropic
WAL magnetoconductance to anisotropic mobility stemming from film topography. We conclude that WAL in
the films likely originates from the antilocalization of topological surface states. The WAL magnetoconductance
is impacted by the film thickness and topography, solidifying the useful role of WAL in the study of topological

semimetal /semiconductor heterointerfaces.

DOI: 10.1103/PhysRevB.110.054206

I. INTRODUCTION

Maintaining low-resistance carrier transport in microelec-
tronic devices is increasingly difficult as the dimensions of
their electrical interconnects continue to shrink. Topological
semimetals hold promise for addressing this challenge, as
their two-dimensional (2D) Dirac and Fermi arc surface states
can support high-mobility electron and hole conduction [1-3].
Among them, monopnictide Weyl semimetals (WSMs) are
actively being explored for interconnects because of the large
number of topological surface states [4-6]. Aspects of how
their electronic structures impart control of electron transport
and spin are also advantageous for optoelectronic, spintronic,
and quantum computing applications [7-9]. In all cases, it is
critical to understand the behavior of interfaces and how the
presence of disorder inherent in thin heteroepitaxial films in-
fluences carrier transport through WSM surface and interface
states. This was not possible until recent breakthroughs in thin
film epitaxy [10,11].

Weak antilocalization (WAL) is an invaluable probe of
the effects of disorder on surface states and can help us to
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understand the impact of disorder on carrier transport within
ultrathin epitaxial WSMs. Weak localization (WL) and an-
tilocalization have revealed important information about the
surface states in topological insulators (TIs) [12-23]. WL is a
quantum interference effect which decreases the conductivity
of a system when backscattering probabilities are increased
because of constructive interference of time-reversed loops
composed of multiple electron-disorder scattering events [a
schematic of this scattering is shown in the inset of Fig. 1(b)].
In the case of a system with strong spin-orbit coupling, this
interference becomes destructive, resulting in an increase in
the system’s conductivity, known as WAL [13-15]. These
interference effects require charge carriers to maintain phase
coherence over multiple scattering events, typically referred to
as the decoherence length /4, and are typically observed most
readily at low temperatures. The application of a magnetic
field introduces additional phase to carriers in these scatter-
ing loops, causing decoherence, suppressing the WL/WAL
effects, and generating a characteristic field-dependent con-
ductivity. Disorder is required to localize the relevant carriers
and observe quantum corrections to the conductance. As such,
the resulting magnetoconductance contains insight into local-
izing disorder length scales.

The interpretation of localization phenomena in TIs is
fairly straightforward: the gapped bulk relegates the origin
of localization magnetoconductance to the topological surface
states. Systems are then manipulated with gating, doping, or
growth conditions, and parameters from magnetoconductance
fittings of localization effects are correlated to the number
of topological conduction channels. Paired with decoherence
lengths, information can be gleaned about the coupling of
surface states and surface-to-bulk scattering. In thin WSMs,
the interpretation of localization signatures is more compli-
cated. Recently, WAL was observed in thin films of Dirac
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FIG. 1. (a) X-ray diffraction 6-26 scan for a 10 nm TaAs (001)/GaAs (001) sample, indicative of single-phase growth. The star indicates
the substrate peak. The inset shows the TaAs crystal structure. (b) Atomic force microscopy image on a film grown under similar conditions
showing rodlike growth along (110). The vector 7, defines the orientation of the rods. The inset axes show a line cut along the displayed white
dashed line. A schematic illustration of an electron (blue circle) WAL scattering off of disorder (stars) around time-reversed paths (black and
white lines) is overlaid, not to scale. (c) Fractional magnetoresistance for 10 nm (pink line) and 200 nm (black line) TaAs films vs applied field
out of the plane, perpendicular to the current. The black data are scaled down 20 times for clarity. The sharp rise of the FMR of the 10 nm
sample at low field originates from weak antilocalization. A large semiclassical FMR is visible in the 200 nm sample, and WAL is detectable
at much smaller field scales (<0.02 T). The inset shows an optical image of a typical Hall bar. (d) Angle dependence of the FMR at several
fixed magnetic fields at 2 K. Current is applied along 7,. The inset shows the rotation direction. The observed angle-dependent signal is a
combination of anisotropic magnetoresistance and weak antilocalization effects. While the AMR scales as ~ cos 24, a deviation occurs at low
magnetic fields where the WAL effect distorts this dependence near § = 7 /2 and 37 /2. (e) Fractional magnetoresistance vs magnetic field for

the 10 nm sample at several temperatures. The WAL effect disappears above 20 K. The color map in (e) is after Crameri [27].

topological semimetals (TSMs) such as Cd;As, [24-26],
where the presence of topological and trivial surface states
was inferred from the magnitude of the WAL magnetocon-
ductance. The presence of WAL in ultrathin TSMs opens the
possibility of studying this phenomenon to answer pressing
questions about the robustness of topologically protected sur-
face states in WSMs with regard to disorder and thickness.

In this paper, we derive insight into the role that disorder
plays in transport through 2D surface states in thin heteroepi-
taxial TaAs WSM layers via the observation and analysis of
WAL. The size of the observed WAL magnetoconductance
depends on the orientation of the applied current relative
to the film topography. The signature magnetoconductance
is observed in samples ranging from 10 to 200 nm thick,
likely indicative of the topological nature of the antilocal-
ized state. While these films are highly defective and far
from an ideal crystal, they represent material in a realis-
tic device. It is important to understand how the desirable
properties of WSMs, like their topological surface state trans-
port, interact with significant disorder and transform in such
conditions. Studies focusing on the robustness of these prop-
erties are essential to develop thin WSM devices that are
compatible with industry-relevant processing flows such as
sputtering.

II. RESULTS

Ultrathin films of TaAs were grown by molecular beam
epitaxy (MBE) on GaAs(001) substrates miscut by 4°
towards (111)A. A 500 nm GaAs buffer layer was deposited
at 585 °C prior to TaAs growth. Asy and Ta were code-
posited at 640 °C with an As overpressure of 10-30:1 using
a cracker source and an MBE Komponeten EBVV vertical
electron beam evaporator, respectively. On select samples,
the TaAs growth was followed by a GaAs capping layer to
prevent surface oxidation. We have studied both uncapped and
GaAs capped films and have observed minimal differences in
their magnetoconductances. X-ray diffraction measurements
were performed using a Rigaku Smartlab equipped with Cu
Ko. Atomic force microscopy was performed in the tapping
mode using a supersharp probe with a tip radius of 2-3 nm
to ensure accurate topography. Six contact Hall bars were
fabricated via standard photolithography, Ar ion etching, and
electroplating of gold contacts. A Quantum Design physical
property measurement system was used for temperature, field,
and field-angle control. In our measurements the current lies
in the crystallographic ab plane, and the magnetic field is
rotated from along the ¢ axis (§ = 0°) to along the applied
current (§ = 90°) direction. More details on the film synthesis
and characterization are given in Ref. [11].
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Herein, we observe and analyze an anisotropic weak
antilocalization signature in thin and ultrathin single-crystal-
like Weyl semimetal TaAs films through a combination
of MBE, magnetotransport, and atomic force microscopy
(AFM). The ultrathin nature of some of our films enables the
examination of isolated surface state transport. TaAs films
were grown on conventional GaAs substrates, representing
the types of disorder and interfaces that would be typical
for WSM/semiconductor heterostructures. The TaAs films
contain a high density of extended defects owing to the 16%
lattice mismatch with GaAs. The film topographies feature
the growth of (110)-oriented rods throughout. We find a large
WAL signal that extends over a substantial field range (~1 T)
and up to 20 K for numerous samples.

We begin with the characterization of a 10 nm thick TaAs
sample. An x-ray diffraction 6-26 scan of the film [Fig. 1(a)]
confirms it has the bulk c-axis lattice parameter of TaAs
[28]. The inset of Fig. 1(a) shows the TaAs crystal struc-
ture. Figure 1(b) shows AFM performed on a TaAs sample
of similar thickness with an rms roughness of R, ~ 1 nm.
The topography consists of extended rodlike features that are
approximately 100 nm long and 2040 nm wide with 1-3 nm
deep grooves between them. We define 7, as a vector which
lies parallel to the long axis of the oriented rods in our films.
These features are distinct from single-crystal-like bulk films
[11] which have more squarelike morphologies. Although the
film topographies evolve as a function of sample thickness,
the ultrathin film AFM is consistent with other recent work on
thin TaAs films [10,11].

Magnetotransport evidence supporting the existence of
WAL in TaAs is shown in Figs. 1(c)-1(e). The fractional
magnetoresistance (FMR) is defined as

Rs(H) — Rs(0T)
Rs(0T)

FMR = x 100%, (1)

where Rg(H) is the sheet resistance as a function of applied
field at fixed temperature. Figure 1(c) shows the FMR for
perpendicular applied fields up to 14 T at 2 K. The magnitude
of the FMR reaches values of a few percent at 14 T. These
values are much smaller than those observed in bulk samples
owing to the reduced carrier mobility stemming from defects
in the film in combination with the unintentional hole doping
[11]. A marked difference is visible in the functional depen-
dence of the FMR for the 10 and 200 nm samples. The sharp
low-field rise in the FMR for the 10 nm film is a characteristic
signature of WAL. The obvious WAL cusp is replaced with a
semiclassical FMR in the 200 nm film, although WAL is still
observable at reduced field scales [Fig. 3(c)].

To further verify the WAL effect, we measure the applied
field-angle dependence of the FMR at 2 K in the 10 nm
sample as the magnetic field is rotated from perpendicular
to the plane of the film (§ = 0) into the current direction
(6 = m/2), shown in Fig. 1(d). At high magnetic fields, the
FMR follows a cos 28 dependence, typical of anisotropic mag-
netoresistance. At lower fields, the measured FMR sharpens
when the field is parallel or antiparallel to the current direction
(6 = m /2, 3 /2). This is due to a rapid reduction in the WAL
contribution as the field tilts into the plane and is routinely
observed in systems with WAL [20,23].

TABLE I. Summary of 2 K electrical transport and WAL proper-
ties. Carrier density and sheet mobility as a function of temperature
are given in Fig. S3 in the Supplemental Material.

Sample nop (10 cm™2) i (cm?/V s)
117 9.35 10.6
L7 9.24 24.4

The temperature dependence of the FMR (H _L I) for the
10 nm film is shown in Fig. 1(e) up to 60 K. With increasing
temperature, the low-field WAL cusp gradually broadens and
decreases in magnitude before disappearing above 20 K. In
addition, the magnetic field scaling of the high-field FMR
changes from sublinear with field at 2 K to nearly quadratic
at 40 K.

To gain more insight into the WAL in our TaAs films,
we compare the low-field dependence of the magnetoconduc-
tance [AG = 1/Ry(H) — 1/R,(0T)] in two ~11 nm samples
with 7 L 7, [Fig. 2(a)] and I || 7, [Fig. 2(b)]. The vector 7,
is oriented along the rodlike growth features. We highlight
that the samples in Figs. 2(a) and 2(b) are prepared from the
same film in perpendicular orientations. The orientations of
the rods relative to the direction of the applied current were
confirmed on the same samples with AFM [Figs. 2(d) and
2(e)]. Most clearly, we observe an anisotropy in the mea-
sured WAL magnetoconductance, with the I || 7, orientation
exhibiting a AG roughly 2 times larger than that inthe I L 7,
case. Typically, the magnetoconductance originating from 2D
localization or WAL with spin-orbit coupling can be described
by the Hikami-Larkin-Nagaoka (HLN) formula [13,20,23]:

AG oe? " 1 n Hy 1 H,
= — — —_— — In —_— s
HN= 2h [ "\ 2 " |H cosd| |H cos d|
2

where ¥ is the digamma function, « is a measure of the
number of conduction channels, and Hy, = 7/ (4e142)), where [
is the phase coherence length. We note that the use of this
simple HLN equation with no additional spin-orbit coupling
terms is justified as we do not observe a crossover to WL be-
havior as a function of field in any temperature for any sample
reported here [29]. In the case of a material with an anisotropic
conductivity, the HLN equation is modified [30-32]. Due to
the variation in the number of grain boundaries encountered
for I 1 7, and I | 7,, we observe a substantial difference in
the mobilities in perpendicular directions (Table I). Our films
are unintentionally hole doped from defects, consistent with
literature works on thin film TaAs, exhibiting 2 orders of
magnitude higher hole concentrations than bulk single crystals
[11,33,34]. Additionally, the measured mobilities are simi-
larly reduced (2 orders of magnitude) compared to the bulk,
stemming from the grain boundary and defect scattering. For
the sample orientations presented here, we rewrite the HLN
equation including the conductivity anisotropy as

AG) 1 =A), 1 AGHLN, 3)

where A“,l = n“’LpLH,L/ /MR and My, L and n),.L rep-
resent the mobility and carrier densities measured with the

applied current parallel or perpendicular to 7,. In Fig. 2(c),
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FIG. 2. The perpendicular magnetic field dependence of the sheet conductance [AG = 1/Rs(H) — 1/Rs(0)] at several fixed temperatures
for two samples made from a single TaAs film with (a) I L 7, and (b) I || 7,, where 7, points along the primary growth direction of the rodlike
features observed in our films. (c) Sheet conductance normalized by A | for the 2 K data in (a) and (b). The normalization collapses the data
in orthogonal directions. The dashed black line is a fit of the scaled 7 || 7, data to Eq. (3). AFM images for the corresponding Hall bars with
(d) 1 L7, and (e) I || 7,. (f) The decoherence length I, extracted from the anisotropic HLN analysis. The dashed line represents the 7~/ 2
scaling indicative of electron-electron-mediated decoherence processes. Color maps in (a)—(c) are after Crameri [27].

we show the effect of removing the mobility anisotropy from
the WAL magnetoconductance by plotting AG/A;, at 2 K
for the samples with orthogonal currents. Scaling by A | col-
lapses the magnetoconductance for these samples, verifying
that the anisotropy in the WAL originates from the anisotropic
conductivity.

Scaling all traces using A |, we fit the WAL magnetocon-
ductance at different fixed temperatures (see the Supplemental
Material (SM), Fig. S1 [35]). Figure 2(f) shows the extracted
ly, which reaches a 2 K value of 99 nm and decreases mono-
tonically with increasing temperature. We find a value of
a = —0.6 at 2 K, close to the value expected for a single
conduction channel (¢ = —0.5). The temperature dependence
of Iy reveals details about the mechanism responsible for
phase decoherence in our films. Below 10 K, the decoherence
length scales as T3, consistent with the scaling expected
for decoherence caused by electron-electron interactions in
two dimensions (7 %) [22,36]. We corroborate this deco-
herence mechanism in the SM by examining the temperature
dependence of the sheet resistance (SM, Fig. S2).

Finally, we turn our attention to the measurement of the
WAL effect in TaAs samples of various thicknesses. Figure 3
shows visible WAL for I || 7, for samples up to 200 nm
thick. We highlight the field scales of the WAL effect shrink

with growing thickness. At 200 nm, the WAL is visible
only below 0.02 T, signifying that the decoherence length
increases significantly in thicker films. As the films grow
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FIG. 3. Field perpendicular WAL magnetoconductance for
(a) 41, (b) 60, and (c) 200 nm films. A single band background is
subtracted in the 200 nm thick data (SM, Fig. S4). Dashed lines
indicate fits to the HLN equation. As the thickness increases, the
field range where the WAL is visible decreases, corresponding to an
increasing decoherence length.
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thicker, semiclassical multiband contributions make the WAL
more difficult to measure. For the 200 nm film, we sub-
tract a semiclassical single-band contribution from the raw
magnetoconductance (SM, Fig. S4). Additionally, the overall
anisotropy is reduced as the rodlike features visible in the
ultrathin films coalesce and homogenize into squarelike grains
with thicker film growth [11]. We have measured that the
WAL anisotropy remains in films up to 60 nm thick (SM,
Fig. S5), although the scaling by A | collapses the I || 7, and
I 1 7, datasets only to within ~20% owing to the increasing
dimensionality, bulk contribution, and changing topographical
anisotropy. Dashed lines in Fig. 3 represent fits to Eq. (2),
showing good agreement with the HLN model, even for the
200 nm thick film. We find values of « = —1.17, —1.50, and
—1.82 for the 41, 61, and 200 nm films, respectively. These
values are overestimates because of the growing semiclassi-
cal magnetoconductance, three-dimensionality, and difficulty
with anisotropy scaling in thicker films. The decoherence
length increases as the films get thicker, consistent with the
regularization of the rodlike growth into squarelike grains
(SM, Fig. S6).

III. DISCUSSION

We start our discussion by considering WAL observations
in TaAs. WAL has been observed in bulk TaAs and was
found to be consistent with theoretical predictions for three-
dimensional (3D) WAL in a WSM [37,38]. We find that the
theoretical expressions given for the 3D WSM WAL in bulk
TaAs are unable to reproduce our experimental data more
faithfully than the simple (anisotropic) 2D HLN model, even
in the 200 nm, bulklike films. Additionally, spin-orbit terms
are excluded from the HLN model because no significant
crossover from WAL to WL as a function of field is observed
in any sample at any temperature (Note 7 in the Supplemental
Material Ref. [35]). Thus, we focus on localization within the
HLN model. In TaAs, what states are being weakly antilocal-
ized and why?

Generally, states with nontrivial spin-momentum locking
can become weakly antilocalized. For TaAs the topological
surface states are the obvious candidate, although we must
consider other possibilities such as confined bulk states as well
as trivial surface states. If confined bulk states were the origin
of the WAL effect, we would expect the WAL effect to change
and likely vanish, as the confinement is wiped away with
increasing thickness—no such effect is observed. In TaAs, it
has been shown that the spin texture of surface states can be
used to gain information about the trivial or topological nature
of a particular surface state: the topological surface states
have nontrivial spin-momentum-locked spin texture, while the
trivial surface states do not [39]. Rashba spin-orbit coupling
at the GaAs/TaAs interface could introduce some spin tex-
ture to trivial surface states and cause a twisting of the spin
texture of the topological surface states [40], although this
effect is likely secondary compared to the existing spin texture
of the topological surface states. Thus, it is most likely that
the topological surface states are the channels experiencing
antilocalization.

For our 11 nm thick films, & = —0.6 is similar to the the-
oretical value of ¢« = —0.5 expected for a single conduction

channel. Deviations from the expected value could stem from
several effects, such as bulk-surface coupling and coupling
of surface states on opposite sides of the film. In the 11 nm
films, this deviation is likely some degree of coupling between
states on the top and bottom surfaces. As the films get thicker,
the coupling reduces. Indeed, the WAL magnetoconductance
for thicker films has a < —1, consistent with two conduction
channels or a decoupling of states on the top and bottom
surfaces of the films.

In summary, we have analyzed weak antilocalization ef-
fects in WSM TaAs films grown via MBE to understand
the role of disorder on electrical transport. We observed an
anisotropic WAL response that depends on the orientation
of the applied current relative to the film topography. This
anisotropic WAL magnetoconductance was found to be con-
sistent with the anisotropic 2D HLN model. Signatures of
anisotropic WAL were measured in films up to 60 nm thick,
and WAL was observed in samples up to 200 nm thick. We
discussed possible origins of the WAL in TaAs, concluding
that antilocalized topological surface states are the probable
culprit. The number of conduction channels changes as the
films grow thicker, likely consistent with the decoupling of
topological surface states on the top and bottom film surfaces.
In moving toward heterostructures for device applications,
we can infer from these results that film morphology will
likely play a role in transport through topological and trivial
states and must be controlled to the extent possible. Further,
we highlight that WAL can play a role in understanding the
effects of different WSM /semiconductor heterostructures on
topological surface states.

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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