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In topological insulators (TIs), metallic surface conductance saturates the insulating bulk resistance with
decreasing temperature, resulting in resistivity plateau at low temperatures as a transport signature originating
from metallic surface modes protected by time reversal symmetry (TRS). Such a characteristic has been found
in several materials including Bi,Te,Se, SmBg¢ etc. Recently, similar behavior has been observed in metallic
compound LaSb, accompanying an extremely large magnetoresistance (XMR). Shubnikov-de Hass (SdH)
oscillation at low temperatures further confirms the metallic behavior of the plateau region under magnetic
fields. LaSb [Tafti et al., Nat. Phys. 12, 272 (2015)] has been proposed by the authors as a possible topological
semimetal (TSM), while negative magnetoresistance is absent at this moment. Here, high quality single crystals of
NbAs, /TaAs, with inversion symmetry have been grown, and the resistivity under magnetic field is systematically
investigated. Both of them exhibit metallic behavior under zero magnetic field, and a metal-to-insulator transition
occurs when a nonzero magnetic field is applied, resulting in XMR (1.0x 103% for NbAs, and 7.3x10°% for
TaAs, at 2.5 K and 14 T). With temperature decreased, a resistivity plateau emerges after the insulatorlike regime,

and SdH oscillation has also been observed in NbAs, and TaAs,.

DOI: 10.1103/PhysRevB.94.041103

I. INTRODUCTION

The magnetoresistance (MR) of materials is an interesting
research topic in the condensed matter community [1]. Since
the discovery of giant magnetoresistance (GMR) in magnetic
multilayer [2,3] and colossal magnetoresistance (CMR) in
magnetic oxide materials [4,5], people have always been
looking for materials with higher MR. In general, non-
magnetic metals only have small MR. Recently, XMR of
about 103%—-10%% has been observed in several nonmagnetic
metals, such as TX (T=Ta/Nb, X=As/P) [6-14], NbSb, [15],
LaSb [1], Cd3As; [16-19], and WTe, [20-23] etc. In these
materials, TX is an important system which is composed of
VB elements and pnicogen, all of which are proved to be
Weyl semimetals [24-34]. Extraordinary properties such as
Fermi arc and chiral anomaly observed in TX have attracted
great attention. Considering previous research on NbSb, [15],
which shows XMR and possible Dirac points, despite that
TX, type compounds have a monoclinic structure without
broken inversion symmetry which results in the appearance of
Weyl nodes in TX, topological characteristic is also possible
in TX, compounds. Searching for more members of TX,
materials will be helpful to understand this system. In this
Rapid Communication, we focus on the TX, type arsenides.

In addition to XMR, the field induced resistivity plateau
is also an interesting phenomenon. The plateau is a universal
behavior in topological insulators [35,36], which originates
from the metallic surface conductance saturating the insulating
bulk resistance [1]. TRS protects the metallic surface state
and is indispensable in TIs. Recent research in possible TSM
candidate LaSb shows that there also exists a plateau when
TRS is broken [1]. Although the specific mechanism of this
feature is still a mystery, it is meaningful to find out more
materials with such a property.
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In this Rapid Communication, we have mainly studied the
resistivity and magnetoresistance of two synthesized single
crystalline compounds: NbAs, and TaAs,. Metal-to-insulator
transition and XMR arise at low temperature and high field.
The observed resistivity plateau is similar to the universal
behavior in TIs, in which TRS is preserved, while TRS is
broken in our measurements as the case in LaSb. Analysis
of SdH effect observed in NbAs, and TaAs, implies the
complex Fermi surface structure, and the two major oscillation
frequencies reveal there may exist two Fermi pockets in each of
the samples. Band structure calculations show the existence of
several electronlike and holelike Fermi surfaces with different
sizes in NbAs, /TaAs;.

II. EXPERIMENTAL AND CRYSTAL STRUCTURE

High-quality single crystals of NbAs, and TaAs, were ob-
tained by chemical vapor transport method. Firstly, polycrystal
of these two compounds was prepared by solid state reaction.
The mixtures of Nb/Ta powder and As powder were sealed in a
quartz tube with aratio of 1:2. For NbAs,, the tube furnace was
heated to 800 °C and held for 30 h; for TaAs, the tube furnace
was heated to 750 °C. Secondly, 5 mg/cm? of iodine was used
as transport agent to grow single crystals, and the temperature
gradient was set as 1050 °C—850 °C. All the obtained crystals
grow more easily along the b axis and form rodlike crystals.
The atomic proportions determined by energy dispersive
x-ray spectroscopy (EDS, Oxford X-Max 50) were consistent
with 1:2 for (Nb/Ta):As. X-ray diffraction (XRD) patterns
were obtained from powder of single crystals on a Bruker
D8 Advance x-ray diffractometer using Cu K, radiation.
TOPAS-4.2 was employed for the refinements. Resistivity
measurements were performed on a Quantum Design physical
property measurement system (QD PPMS-14T).

The electronic structures of NbAs, and TaAs, have been
studied by using the first-principles calculations. The projector
augmented wave (PAW) method [37,38] as implemented in the
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FIG. 1. Crystal structure of NbAs, and TaAs,. (a) Unit cell of the
crystal. A represents Nb or Ta atoms, B1 and B2 represent type-I and
type-II atoms of As, respectively. (b),(c) Views of the structure from
b-axis and a-axis directions, respectively.

VASP package [39—41] was used to describe the core electrons.
For the exchange-correlation potential, two different levels (the
GGA and meta-GGA) in the Jacob’s ladder [42] were adopted.
In the GGA level, the Perdew-Burke-Ernzerhof (PBE) formula
[43] was employed, while in the meta-GGA level, the modified
Becke-Johnson (MBJ) [44,45] exchange potential with the
GGA correlation was used. The kinetic energy cutoff of the
plane-wave basis was set to be 300 eV. A 15x15x10 k-point
mesh was utilized for the Brillouin zone (BZ) sampling, and
the Fermi surface was broadened by the Gaussian smearing
method with a width of 0.05 eV. Both cell parameters and
internal atomic positions were allowed to relax until all
forces were smaller than 0.01 eV/A. Once the equilibrium
crystal structures were obtained, the electronic structures were
calculated by including the spin orbital coupling (SOC) effect.
The Fermi surface were studied by using the maximally
localized Wannier functions (MLWF) [46,47].

NbAs; and TaAs; crystallize in a complex structure [48,49].
Figure 1 shows the structure of these compounds from different
views. In the structure, there is one type of Nb/Ta atoms
denoted as A and two types of As atoms denoted as B1 or B2.
Each A is surrounded by six B, including three B1 and three
B2. Each B2 is coordinated to three other B2. In these crystals,
the b axis is the easy growth axis, and this characteristic can
be seen clearly from the a-axis direction as shown in Fig. 1(c).
Figures 2(a) and 2(b) show powder x-ray diffraction patterns
and refinements of NbAs, and TaAs, crystals. The reflections
are well indexed in space group Ciy/,(. The refined lattice
parameters are given in the figures, consistent with previously
reported results [48-50].

III. RESULTS AND DISCUSSIONS

Figures 3(a) and 3(d) plot the temperature dependence of
resistivity under different magnetic fields. The electric current
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FIG. 2. XRD patterns of NbAs, and TaAs, with refinement.
Observed curves are in black circles and the calculated curves are
in red lines. The difference curve is in blue and the violet vertical
lines denote the positions of Bragg reflections of NbAs, and TaAs,
with PDF No. 01-086-0520 and No. 01-089-3409. Refined lattice
parameters are shown in each picture. R,, = 6.69%, 8.73% for
NbAs, and TaAs;. Insets show the grown crystals.

is parallel to the b axis, and the magnetic field is parallel to
the ac plane. For both compounds, the temperature dependent
resistivity at zero field exhibits a metallic behavior. The high
residual resistivity ratio (RRR = 75, 83 for NbAs; and TaAs,,
respectively) indicates high quality of the samples. Extremely
large MR has been observed in both of them. At 2.5 K
and 14 T, MR = 1.0x10°% and 7.3x10°% for NbAs, and
TaAs,, respectively. With temperature reduced, a magnetic
field-induced metal-to-insulator-like transition is observed. An
interesting feature is that a resistivity plateau appears instead
of the resistivity continuing to increase with further decreasing
temperature. Temperatures of the resistivity plateau appearing
are about 28 K and 19 K for NbAs; and TaAs,, respectively.
At high field, the plateau becomes distorted because of the
effect of SAH oscillation, which will be discussed later. In
general, topological insulators have an insulating bulk state and
a metallic surface state. The TRS protects the metallic surface
state in topological insulators. Along with the appearance
of the metallic surface conduction, the insulating resistivity
will reach saturation resulting in a resistivity plateau. In our
situation, the existence of magnetic field breaks the TRS, but
there is still a plateau at low temperature. Such properties
have been observed in TX [7-14], NbSb, [15], and WTe,
[20-23], where the properties are attributed to field induced
metal-insulator transition or Kohler’s rule in high quality
samples with low charge carrier density.

Plots of dp/dT against temperature are displayed in
Figs. 3(b) and 3(e). The temperature of metal-to-insulator
transition is determined as 77} where the value of dp/dT
becomes negative. From the figure, it can be judged that
T increases with the field. The starting temperature of the
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FIG. 3. (a), (d) Resistivity of NbAs, and TaAs, plotted as a
function of temperature under different magnetic field (H=0, 2, 5, 8,
11,14 T). Lis parallel to the b axis and H is parallel to the ac plane. The
metal-to-insulator-like transition and resistivity plateau are observed
clearly. (b), (e) dp/dT versus temperature for corresponding samples.
The insets show the energy gap of the insulatorlike area. (c),(f) Plots
of In p against the reciprocal of temperature 1/7. The values of
energy gap are obtained by fitting the insulatorlike regions (the linear
part in figures) using the relation p(7') o exp(§/kzT). The red lines
indicate the regions used in fittings.

resistivity plateau (7») can be defined as the temperature at
the minimum of dp/dT. As shown in the figure, 7, remains
unchanged with the increase of magnetic field. 7 increases
but 7, keeps unchanged, which suggests that the range of the
insulatorlike area becomes larger along with increasing field,
meanwhile the range of the resistivity plateau keeps invariant.
The energy gaps are shown in the inset of Figs. 5(b) and 5(e).
All the gap values are obtained through fitting the linear part
in Figs. 3(c) and 3(f). At the magnetic field of H = 14 T, the
energy gaps are 13.2meV and 15.3 meV for NbAs; and TaAs,,
respectively. As a whole, TaAs; has the larger gap than NbAs,.

Figures 4(a) and 4(b) show the resistance of NbAs, and
TaAs, as a function of field. Clear SdH oscillation was
observed at low temperature and high field. The insets show
the enlarged images of the oscillating part. In both compounds,
the MR-H curves (not shown here) all exhibit a semiclassical
quadratic behavior (MR oc H?) [51]. With the increase of
temperature, the MR becomes smaller and the oscillation
gradually disappears.

Figures 5(a) and 5(b) plot the oscillation amplitude AR,, =
R, — (R.) of NbAs, and TaAs, against the reciprocal of
magnetic field 1/H at various temperatures. The amplitude
displays a complex periodic behavior and decreases with
increasing temperature. There are several peaks in the fast
Fourier transformation (FFT) spectra [Figs. 5(c) and 5(d)],
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FIG. 4. Magnetic field dependence of resistance of NbAs, (a)
and TaAs; (b) from 2.5 K to 75 K. The insets show the enlarged part
of R-H from 10-14 T, where the oscillation can be observed more
clearly.

but the major peaks are o and . The complexity of periodic
behavior can be attributed to the effect of small peaks in the
FFT spectra. For NbAs,, the major oscillation frequencies are
F, =90 T and Fg =204 T. For TaAs,, F;, =45 T and Fg =
158 T. In SdH oscillation, the frequency F is proportional
to the cross sectional area A of the Fermi surface normal
to the magnetic field and can be described using Onsager
relation F = (¢0/2n2)A = (h/2me)A [52]. Two major peaks
in FFT spectra imply there are two major Fermi pockets
in NbAs, and TaAs,, which is similar to the situation in
NbSb, [15]. In Figs. 5(e)-5(h), we display the temperature
dependence of the relative FFT amplitude of frequencies o
and B of NbAs; and TaAs,, respectively. The thermal factor
Ry = (AT)/sinh(AT) in Lifshitz-Kosevitch formula [52] has
been employed to describe the temperature dependence of FFT
amplitude A. In the formula, A = (27%k,m*)/(heH), so the
cyclotron effective mass m* can be obtained from the fitting
result. All the data can be fitted well and yields the effective
mass. For NbAs,, m}, = 0.20m, and m} = 0.27m,; for TaAs,,
m} = 0.17m, and m}; = 0.24m,. The insets of (e)—(h) show
1/H as a function of Landau level index n for corresponding
oscillation frequencies. We assign integer indices to the
AR,, peak positions in 1/H and half integer indices to the
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FIG. 5. Analyses of oscillations in NbAs, and TaAs,. (a), (b) The
amplitude of SdH oscillations plotted as a function of the reciprocal

30

45 0

Temperature (K)

15

30 45

Temperature (K)

FIG. 6. (a), (b) Hall resistivity of NbAs, and TaAs, at various
temperatures. The inset in (a) shows a typical sign change of Hall
resistivity observed in NbAs,. (¢), (d) Field-dependent MR of NbAs,
and TaAs, with different angles ¢ at 7 = 2.5 K. The definition of ¢
is shown in the inset of (c). The inset in (d) shows the enlarged image
of (d) at larger angles.

for both of them, which indicates two types of carriers. The
carrier mobilities are on the order of 10° cm?> V! s~! for both
NbAs, and TaAs, at 2.5 K. As shown in the inset in (a), the
change of sign from positive to negative occurs in NbAs,, but
the behavior has not been observed in TaAs,. In Figs. 6(c) and
6(d), we present the field-dependent MR of NbAs, and TaAs;
at 2.5 K and various ¢. The electrical current I is always
along the b axis direction, and the magnetic field H is tilted
in different directions. With the direction of the magnetic field
near the current direction, the MR decreases gradually and the

of magnetic field. (c), (d) The FFT spectra of the corresponding
SdH oscillations at 2.5 K, 6.5 K, 10 K, and 20 K for NbAs,
and TaAs,. (e), (f) Temperature dependence of the relative FFT
amplitude of oscillation frequency «. The violet solid lines are the
fitting results based on Lifshitz-Kosevitch formula, which yields the
effective cyclotron resonant mass. (g), (h) The same processing of
oscillation frequency B. Insets: Landau index n plotted against 1/H
for corresponding oscillation frequencies. The peaks (blue circles)
and valleys (red circles) of the AR,, at 2.5 K are assigned as integer
and half integer LL indices, respectively.

AR, valley positions. The Landau index » is dependent on
1/H linearly according to Lifshitz-Onsager quantization rule
A(h/2reH) =n+ 1/2+4+ B + 5. 2np is the Berry phase. § is
a phase shift with the value of 6 = 0 (or £1/8) for a 2D (or
3D) system. Nonzero Berry phase is a fundamental transport
property associated with topological characteristic. The data
points in the insets fall into a straight line. The intercepts
obtained from linear extrapolation are close to zero, indicating
the nontrivial Berry phases for corresponding bands. The
nontrivial Berry phases reflect the topological characteristic of
Fermi surfaces. ARPES experiments are needed to obtain more
information about the Fermi surface, and the collaborative
work based on our samples is already in process [53].
Figures 6(a) and 6(b) show the Hall effect data of NbAs,
and TaAs,. Clear oscillation also can be observed at low
temperature and high field. The Hall resistivity p,, is nonlinear

oscillation still exists. These features imply the dominant 3D
anisotropic Fermi surface in NbAs; and TaAs,.
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FIG. 7. Band structures of NbAs, calculated with (a) the PBE
functional and (b) MBJ exchange potential. The “soc” denotes the
spin-orbital coupling (SOC) effect and the “nosoc” without the SOC
effect. (c) The corresponding Fermi surface of NbAs, calculated with
the PBE functional and including the SOC effect.
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FIG. 8. Band structures of TaAs, calculated with (a) the PBE
functional and (b) MBJ exchange potential. The “soc” denotes the
spin-orbital coupling (SOC) effect and the “nosoc” without the SOC
effect. (c) The corresponding Fermi surface of TaAs, calculated with
the PBE functional and including the SOC effect.

The electronic structures of NbAs,/TaAs, have also been
studied from first-principles calculations. Since NbAs,/TaAs,
are semimetals, their band structures along high symmetry
directions of Brillouin zone (BZ) have been calculated by using
both the PBE functional and the MBJ potential. As shown
in Figs. 7 and 8, the band structure and Fermi surface of
NbAs; and TaAs, are very close to each other. A band gap
opens along the Q-A direction only when the SOC effect is
included. Comparing the PBE results in panel (a) with the
MBI results in panel (b) of both Figs. 7 and 8, minor changes
can be discerned, demonstrating that the PBE functional in
the GGA level is able to describe the electronic structures
well here. The Fermi surface of NbAs, and TaAs, calculated
with the PBE functional and including the SOC effect are
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shown in Figs. 7(c) and 8(c), respectively. The color sets of
these Fermi surfaces are in a one-to-one relationship with the
corresponding bands crossing the Fermi level along the D-L
direction. Both of them have several hole pockets coexisting
with a few pairs of electron pockets, suggesting the feature of
multiple Fermi surfaces.

IV. SUMMARY

In summary, single crystals of NbAs, and TaAs, have
been grown successfully. Resistivity has been measured and
magnetoresistance has been analyzed in detail. Field-induced
metal-to-insulator transition and XMR are observed in both
samples. The resistivity plateau similar to topological insulator
emerges after the insulatorlike regime, which is similar to
previous work on the LaSb crystal. Moreover, with the
increase of field, clear SdH oscillation is observed in NbAs,
and TaAs,. The FFT spectra reveal there exist two major
frequencies in the oscillation and the corresponding effective
mass are obtained. Electronic structure calculation shows the
coexistence of several electronlike and holelike Fermi surfaces
in NbAs,/TaAs;. As possible candidates of TSM, related
ARPES studies on NbAs; and TaAs, are expected.

Note added. Recently, one related work on TaSb, is reported
online [54], where resistivity plateau, XMR, SdH oscillation,
and negative MR have been observed by the authors.
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