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Tuning of Berry-curvature dipole in TaAs slabs: An effective route
to enhance the nonlinear Hall response
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In materials without inversion symmetry, the Berry curvature dipole (BCD) arises from the uneven distribution
of Berry curvature in momentum space. This leads to nonlinear anomalous Hall effects even in systems with
preserved time-reversal symmetry. A key goal is to engineer systems with prominent BCD near the Fermi
level. Notably, TaAs, a type-I Weyl semimetal, exhibits substantial Berry curvature but a small BCD around
the Fermi level. In this study, we employ first-principles methods to comprehensively investigate the BCD in
TaAs. Our findings reveal significant cancellation effects not only within individual Weyl points, but crucially,
among distinct Weyl point pairs in bulk TaAs. We propose a strategic approach to enhance the BCD in TaAs by
employing a layer-stacking technique. This greatly amplifies the BCD compared to the bulk material. By tuning
the number of slab layers, we can selectively target specific Weyl point pairs near the Fermi level, while quantum
confinement effects suppress contributions from other pairs, mitigating cancellation effects. Specifically, the
BCD of an eight-layer TaAs slab surpasses the bulk value near the Fermi level by orders of magnitude.
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I. INTRODUCTION

Since its discovery, the family of Hall effects has garnered
significant attention in both scientific research and practical
applications. In contrast to classical understandings of extrin-
sic magnetization, modern studies have linked Hall effects
to band geometry in time-reversal (TR) asymmetric systems
[1,2]. However, recent research has shown that even in TR
symmetric materials, a nonlinear Hall response can arise
when inversion symmetry is broken [3-5]. This intriguing
effect is closely related to topological properties, specifically
the Berry curvature dipole (BCD), which embodies an un-
even distribution of Berry curvature within momentum space.
Consequently, the BCD can serve as a valuable probe of
band geometry in TR systems. The significance of BCD ex-
tends beyond pure academic research. It possesses effects like
frequency doubling and rectification [6], making it highly
valuable for advanced electronic devices operating in the
gigahertz or terahertz frequency range [7,8].

The BCD-induced nonlinear Hall effect has been in-
vestigated through comprehensive approaches. To enhance
the BCD, various strategies have been proposed in both
theoretical and experimental studies, often involving the
modification of material structures. These methods include
straining [8—10], twisting [11-14], and corrugating [15],
which have been successfully applied to transition metal
dichalcogenides (TMDCs) [6,16—19], graphene [10-12], and
piezoelectrics [8,20], among other materials.

A promising avenue to enhance BCD involves finding ma-
terials with substantial Berry curvature proximate to the Fermi
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surface, prompting investigations that prioritize topologically
nontrivial materials for their distinctive Berry curvature prop-
erties [21]. This pursuit is particularly salient in the context of
Weyl semimetals (WSMs) [22], characterized by pronounced
Berry curvature in the vicinity of Weyl points [7,23,24]. TaAs,
as a representative type-I WSM, has been examined, revealing
the presence of multiple groups of Weyl points proximal to the
Fermi level. Nonetheless, investigations have revealed that the
BCD is quite small in the Fermi level vicinity [23]. This has
been attributed to the mutual cancellation of Berry curvature
within individual Weyl points due to the type-I nature of the
Weyl cone.

In this study, we carry out comprehensive investigation
of BCD in TaAs systems using first-principles methods. Our
calculations reveal that, apart from the inherent cancellation
effects within individual Weyl points, substantial canceling
effects stemming from distinct Weyl point pairs in bulk TaAs,
leading to very small BCD around the Fermi level. We pro-
pose a strategic solution for enhancing the BCD in TaAs,
employing TaAs slabs, which significantly amplifies the BCD
compared to its bulk counterpart. By tuning the number of
stacked layers, we can selectively target specific Weyl point
pairs located near the Fermi level, while quantum confine-
ment effects suppress contributions from other pairs, thus
mitigating cancellation effects. Specifically, the BCD of an
eight-layer TaAs slab surpasses the bulk value around the
Fermi level by orders of magnitude.

II. METHODS

We perform first-principle calculations based on den-
sity functional theory (DFT) implemented in the Atomic
Orbital Based Ab initio Computation at UStc (ABACUS)

©2024 American Physical Society
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package [25,26]. The ABACUS code specializes in large-scale
DFT calculations using the numerical atomic orbital (NAO)
basis [27,28]. The Perdew-Burke-Ernzerhof (PBE) general-
ized gradient approximation (GGA) [29] is employed for
the exchange-correlation functional in the calculations. The
SG15 [30] optimized norm-conserving Vanderbilt pseudopo-
tentials (ONCV) [31] are used, where the Ta 5d°6s% and As
3d'%45%4p® electrons are treated as valence electrons. The
2s2p2d1 f NAO bases are used for both Ta and As elements.
In the TaAs slab calculations, a 30 A vacuum is added to
ensure sufficient separation between the upper and lower sur-
faces in two adjacent unit cells. During the self-consistent
calculations, a 16 x 16 x 1 Monkhorst-Pack k-point mesh
is used for slabs, whereas a 8 x 8 x 8k-point mesh is used
for bulk. The energy cutoff for wave functions is set to
100 Ry. Spin-orbit coupling is taken into account in our
calculations.

The band structures and BCD are calculated using the
PYATB code [32], which utilizes the tight-binding Hamil-
tonian directly generated from ABACUS self-consistent cal-
culations. The BCD can be calculated using the following
equation [3,33]:
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is the Fermi-Dirac distribution function with a chemical po-
tential p at temperature 7. The crystal directions are denoted
by a, b, and c. The Berry curvature €2, ; is obtained by the
method developed in Ref. [34]. The smearing constant k37T =
2 meV is utilized for the BCD calculations. The integration

[dk] is given by % for a three-dimensional (3D) system

and % for a two-dimensional (2D) system. The k points
are in the units of reciprocal lattices. For the 3D system, a
mesh of 500 x 500 x 500 is utilized for integration, and for
high contribution points, the grid is further refined with a
20 x 20 x 20 mesh. As for the 2D systems, the integration is
carried out on a 500 x 500 x 1 mesh with a 20 x 20 x 1 re-
finement for k points whose contribution is larger than 100 A3
in the integrand of Eq. (1).

The expression for the single-band Berry curvature is given
by [35]

ST, E)

Q. e(k) = —2eucIm Y ré, (K)rh, (), )
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where the r{, is the a component of the connection matrix
between the mth and nth bands and r,,,,(K) = (u,x |i Vi |t ) -
In the context of a 2D system, it is necessary to consider
certain aspects. According to the Berry curvature definition
[1], the % term is not applicable for a 2D system, leading
to €2, and<§2y becoming forbidden. Consequently, the Berry
curvature becomes pseudoscalar with only €2, being present,
and D,, should be deemed 0 [3]. However, in real 2D materials
like a TaAs slab, which has finite thickness, the r,(k) matrix
can be interpreted as a Fourier transformation of the real-space
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FIG. 1. (a) The crystal structure of bulk TaAs and (b) an illustra-
tion of the structure of an eight-layer TaAs slab.

connection matrix ;(R). As a result, 2, and €2, can still exist
and be nonzero in this scenario. On the other hand, 2, = 0 in
the entire Brillouin zone (BZ), and the related BCD vanishes
in these systems due to the C;, symmetry.

To quantify the canceling effects present in the systems, we
introduce a canceling ratio denoted as x, which is defined as

L LJtaKIDy
JIdKID

where Dy, represents the integral of the integrand function in
Eqg. (1) at a given k point. The canceling ratio x quantifies
the degree of canceling effects between contributions from
different regions. A value of x close to 1 suggests minimal
canceling effects, indicating that the contributions largely re-
inforce each other. On the other hand, a small value of x
implies significant canceling effects, signifying a substantial
reduction in contributions from various regions.

3)

III. RESULTS

A. TaAs in bulk state

The structure of bulk TaAs is shown in Fig. 1(a), which
has the space group I4;md (No. 109). The structure lacks
the inversion symmetry but possesses M, and M, reflection
symmetries [36,37]. These symmetries play a crucial role in
analyzing the properties of the BCD tensor and guarantee it
has nonzero BCD [23].

The calculated band structures of bulk TaAs are consistent
with previous works [36-38]. In the absence of spin-orbit
coupling (SOC), the band structures have nodal lines which
are protected by mirror symmetry. There are two nodal rings
in the k, = 0 plane and two in the k, = O plane. However,
after turning on SOC, the nodal lines break into distinct Weyl
points [36,39]. The Weyl points are slightly shifted away from
the high symmetry lines, and thus the high-symmetry lines are
fully gapped. The bulk TaAs system manifests three groups of
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FIG. 2. Comparison of BCD D,, in bulk and eight-layer TaAs.
The vertical lines indicate the energy levels of W;, W,, and W; Weyl
points in bulk TaAs.

Weyl points, in which W, and W,, situated at energy levels
23 meV and 14 meV below the Fermi energy, respectively,
and a third group of Weyl points, W3, are 75 meV above the
Fermi energy [23,39]. The Cy, symmetry and time reversal
symmetry preserve four pairs of W, points on k, = 0 plane,
eight pairs of W, on k, = £0.408 and eight pairs of W5 on
k, = £0.452, each pair with two Weyl points of opposite
chirality [36,39] related by the time reversal symmetry near
ky, k, = 0 planes. Among them, W; and W, are type-1 Weyl
points and Wj are type-II Weyl points [23].

We calculate the BCD of bulk TaAs, and the results are
shown in Fig. 2, which are consistent with those of a previous
work [7], but slightly different from those of Ref. [23]. The
BCD in Ref. [23] has a negative peak around W;, which is
absent in this Ref. [7] and in this work. This is probably
due to that the BCD in this energy range is very small, and
sensitive to the calculation details, including the k points
meshes, smearing parameters, and so on. The BCD near the
Fermi surface is relatively small, primarily attributable to the
contributions from the W, and W, points [23]. This finding
is intriguing given the significant Berry curvature magnitudes
around the Weyl points. The reason for the small BCD was
analyzed in Ref. [23]. The W and W, points in TaAs are type-
I Weyl points, characterized by slightly tilted Weyl cones.
As a consequence, a pronounced cancellation effect occurs
between the Berry curvatures associated with these Weyl
points. To quantitatively assess this cancellation, we introduce
a mutual cancellation ratio, which is calculated by taking the
absolute value of the BCD and dividing it by the integral of
the absolute value of BCD density at each k point across the
entire BZ [see Eq. (3) in Sec. II]. A small x value indicates
significant canceling effects. Remarkably, the ratios around
type-1 Weyl points W; and W, are found to be 0.25 and 0.23,
respectively. In contrast, the cancellation ratio is y = 0.42 for
the type-1I Weyl points Wj.

Our analyses further reveals that, apart from the inherent
cancellation effects within individual Weyl points, substantial
canceling effects emerge from distinct Weyl point pairs in
bulk TaAs. More specifically, while contributions from the
Weyl points connected by the M, and M, symmetries serve
to amplify the BCD, the BCD arising from different groups

of Weyl points demonstrates a pronounced tendency for can-
cellation. Notably, at 25 meV below the Fermi level, the BCD
at W) has a negative value, whereas the k points around W,
and W5 Weyl points exhibit positive BCD. Consequently, a
significant cancellation effect arises among different groups
of Weyl points, resulting in an extremely small cancellation
ratio x = 0.06 at this energy level, therefore leading to a
small BCD. The same scenario occurs for W,, where a small
BCD is also due to cancellation effects. On the other hand,
the type-II W3 Weyl points, are far above Fermi level, and
the cancellation effects from W, and W, are relatively smaller,
resulting in a much larger BCD value, approximately reaching
7. Nevertheless, it is important to note that W3 resides at a
substantially higher energy than the Fermi level, posing a
challenge for experimental observation.

B. Berry curvature dipole in TaAs slabs

As elucidated in the preceding discussion, the diminished
BCD near the Fermi level in bulk TaAs arises primarily from
the substantial cancellation effects among different groups of
Weyl points. In light of this understanding, our objective is to
enhance the BCD in the vicinity of the Fermi energy. A viable
approach to achieving this enhancement entails mitigating the
canceling effects attributed to the W, and W3 points. This can
be accomplished by selectively excluding the W, and W3 Weyl
points from the energy window in the vicinity of the Fermi
level, thereby retaining only the W, points.

Thin films offer a promising approach for manipulating
energy bands through quantum confinement effects. To de-
scribe the energy bands in thin films, we may employ the
truncated crystal approximation (TCA) [40,41], which allows
us to approximate the energy bands of the thin film, grown
along the z axis, at k = (kx, k,) using the energy bands of
the bulk material at (k,, ky, k;), where k, takes the values
k, = n/Np (in units of 2w /c) forn =1,2,..., N, and Ny,
represents the number of unit cells along the z axis in the
thin film. Since the values of k, for W, W,, and W5 are 0.00,
0.408, 0.452, respectively, by carefully choosing the number
of unit cells in the thin film (N;), we can ensure that the
bands at k, = 0 are preserved, while the energy bands cor-
responding to other k, values will not appear in the thin film
bands. This controlled tuning of energy bands, therefore, has
the potential to enhance the BCD around the Fermi energy
and enable the realization of desired electronic properties in
thin films.

To validate this concept, we conduct electronic structure
calculations and obtain the band structure and BCD for thin
films consisting of one to ten layers of TaAs. Specifically,
Fig. 3(a) illustrates the energy bands of an eight-layer slab
(corresponding to Ny = 2 stacking unit cells along the z axis)
around the X point in the two-dimensional BZ. For compar-
ison, we also plot the energy bands of bulk TaAs at k, =0
and k, = 0.5, which correspond to the band structures of the
eight-layer TaAs from TCA. The band structures of the slab
are in reasonably good agreement with the bands obtained
from the TCA, especially the bands from k, = O near the
Fermi level. The energy bands of k, = 0.5 are far away from
the Fermi level.
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FIG. 3. (a) The band structures of the eight-layer TaAs slab from
first-principles calculations compared with the band structures of
TCA along M-X-M near X points. (b) Weyl points near the X point
remain gapless. (c) The Weyl points near the Y point are gapped in
the slab.

Remarkably, the W; Weyl point, located at k =
(0.517,0.007, 0) near the X point in bulk, is still presented in
the slab energy bands, as seen in Fig. 3(b), which is, however,
at 30 meV above the Fermi level, due to the quantum
confinement effects. On the other hand W; Weyl point near
the Y point open a small gap due to the symmetry breaking
from Cy, to C,,. There are additional surface states, namely,
Fermi arcs, connecting the W) points with their opposite
chirality (see Fig. S2. in the Supplement materials (SM) [42]
for details). The Fermi surface structure is consistent with
a previous study of 28 TaAs layers [38] for both Ta and As
terminations.

Remarkably, the W, and W5 Weyl points are completely
eliminated because their &, are far from 0 and 0.5. It is worth
noticing that previous studies reported the existence of W,
Weyl points in TaAs thin films [37,43]. However, these exper-
imental investigations focused on considerably thicker films
compared to the ones used in this work. In those thicker films,
the ratio n/Ny, can approach the value of k, for the W, points,
when Ny is large.

Due to the absence of W, and W5 in the band structure,
we anticipate a significantly larger BCD near the Fermi level
compared to bulk TaAs because there are no canceling effects
from these Weyl points. To further verify our theory and de-
signing principle, we calculate the BCD near the Fermi energy
of one to ten layers of TaAs slabs. The BCDs are normalized
by the thickness of the slab Dy, = 2Z D3 where L represents
the thickness of the slab. This guarantees that Dy, converges
to its bulk value as L approaches infinite.

Figure 4 shows the maximal values of Dy, of TaAs slabs
within the energy window of £200 meV around the Fermi
level, and the numbers in the figure show the energy with
the maximal BCD related to the Fermi level. As shown
in Fig. 4, the maximal value of D,, of the slab increases
with the number of layers and reach maximal values at
eight-layer slab, and the value then decreases. This is con-
sistent with our theory. In the case of a four-layer slab,
corresponding to Np = 1, the band structure should also
include W, points, as predicted by the truncated crystal ap-

1 2 3 4 5 6 7 8 9 10
number of layers

FIG. 4. The maximal normalized BCD (D,y) of each slab con-
tains different TaAs layers within 200 meV of the Fermi level.
The number at each point indicates the energy position relative to
the Fermi energy in meV.

proximation (TCA). However, for this very thin slab, the
coupling between the upper and lower surfaces becomes
more stronger, the TCA may not be a good approximation.
We also compute the BCD for both 12-layer and 16-layer
TaAs slabs. The maximum BCD values are 18.38 and 16.05,
respectively.

Figure 2 compares the BCD of the eight-layer TaAs slab
to that of bulk TaAs material within £ 100 meV around the
Fermi level. Notably, the BCD values of the eight-layer TaAs
slab are significantly higher than those of the bulk counterpart.
The eight-layer TaAs slab has two peaks at approximately
25 meV and 37 meV above the Fermi level, and which have
BCD values of —20.0 and 27.6, respectively. These values
are not only much larger than that of bulk TaAs at 75 meV
contributed from Wj, but more importantly, the corresponding
energies are also much closer to the Fermi level. These en-
ergies are reasonably reachable through Fermi surface tuning
methods, such as, doping [44,45] and stress [46,47].

To further explore the origin of large BCD in the eight-
layer slab, we analyze the contribution to the BCD in the BZ.
We compare the BCD distribution in bulk and in eight-layer
slab TaAs on the k:k, plane, focus on the energy at the W;
Weyl point, i.e., 23 meV below Fermi level for bulk and
37 meV above Fermi level for the slab. Both distribution
patterns are sampled in a 10 meV energy window around the
targeted energy. More details can be found in Fig. S3 of the
SM [42]. The bulk results are in good agreement with previous
work [23]. In bulk TaAs, there are substantial contributions
from W), W,, and W3, with opposite signs. However, in the
slab system, contributions from W, and W; vanish, leaving
only the contribution around the W, points. This highlights the
effectiveness of our design strategy employing slabs to resolve
the issue of canceling effects among distinct groups of Weyl
points.

Figure 5 depicts the significant contributions around the
W, point near X. The k points near Weyl points and Fermi
arcs exhibit a very high BCD density, reaching magnitudes of
10*, whereas contributions from other k points are negligibly
small. Furthermore, the BCD density in the slab is signifi-
cantly larger than that of the bulk system, primarily due to

043403-4



TUNING OF BERRY-CURVATURE DIPOLE IN TaAs ...

PHYSICAL REVIEW MATERIALS 8, 043403 (2024)

(M)

(a)
(b)

$ / 6000
' ] Vi - 4000
Fermi Arc contributio/r}///// b - 2000
(©) R Ik
" ‘ / - —2000
! rd i - —4000
—6000

Weyl point contribution

(M)

FIG. 5. (a) The BCD distribution in the eight-layer TaAs near the
X point. (b) The BCD distribution from the Fermi arc. (c) The BCD
distribution from the W, Weyl point.

the substantial enhancement of the density of states (DOS)
resulting from quantum confinement effects [48]. This implies
that a higher number of available states at the given energy
level contributes to the BCD. To illustrate this more clearly,
the DOS around the Fermi level is depicted in Fig. S4 of the
SM [42]. Tt is evident that the DOS for the eight-layer slab
is significantly higher compared to the DOS of bulk system
around the Fermi level.

The slab hardly alters the tilting of the Weyl cones, and
therefore, there is still significant cancellation within individ-
ual W, points, as shown in Fig. 5(c). In fact, the k points near
the slab W; exhibit a cancellation rate of x = 0.20, which is
slightly worse than that in the bulk.

In addition to the contribution from W;, the Fermi arc also
makes a significant contribution to the BCD, as illustrated in
Fig. 5. The Fermi arc accounts for 21.5 out of the total BCD
of 27.6. As the Fermi arcs all originate from W; points, there
is no cancellation effect from Fermi arcs originated from W,
and W5 points. The cancellation ratio for the Fermi arc is 0.23,
which leads to an overall x value of 0.224 for the eight-layer
slab, in contrast to the 0.06 value observed in bulk TaAs. In
Ref. [49], it was observed that the BCD in the Fermi arc is
notably large and scales linearly with the thickness of the slab.
However, it is crucial to note that the authors of Ref. [49]
primarily focused on thick slabs. In contrast, our investigation
centers on TaAs slabs comprising only a few layers, thereby
presenting significant differences from Ref. [49]. Specifically,
in our case, only slabs with a thickness of 4n layers retain
the Weyl points, essential for the existence of the Fermi arc.
Moreover, our findings indicate that a four-layer slab does
not support the Weyl point due to the pronounced quantum
confinement effects. This is in stark contrast to the conditions
in the thicker slabs studied in Ref. [49], where the Weyl points
remain stable irrespective of the slab thickness. Therefore, the
conclusions drawn from Ref. [49] are not directly applicable

30
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FIG. 6. The BCD D,, of five to eight layers TaAs. The dotted line
indicates the Fermi energy.

to our scenario, highlighting the unique characteristics of few-
layered TaAs slabs.

Figure 6 displays the BCD for five- to eight-layer TaAs
slabs within 100 meV of the Fermi level. The BCD for
one- to four-layer TaAs slabs is very small and, therefore,
not shown. Although the eight-layer slab demonstrates the
highest BCD within this energy range, it is noteworthy that in
anarrower energy window around the Fermi level (£10 meV),
the BCD of the seven-layer TaAs slab exceeds that of the
eight-layer slab. Our analysis indicates that a significant por-
tion of the BCD contribution in the seven-layer TaAs slab
stems from the crossing points adjacent to the Fermi surface
of the surface states. However, as delineated in our study,
the seven-layer TaAs configuration does not sustain the Weyl
points. Consequently, these surface states are essentially triv-
ial states, lacking the robustness of topological surface states
and are potentially subject to alteration under experimental
conditions.

IV. SUMMARY

We developed an experimentally feasible strategy for
enhancing the BCD in TaAs materials using thin films, cap-
italizing on the benefits offered by quantum confinement
effects. In addition to enhancing the density of states, a
critical concept lies in the precise selection of the thin
film’s thickness, to retain desired k points at the Fermi sur-
face while simultaneously excluding unwanted ones through
quantum confinement effects, and therefore minimizes the
canceling effects among these k points. This strategy extends
beyond the current research for TaAs BCD enhancement,
offering a versatile approach to selectively choose de-
sired k points for diverse applications in various materials
and systems.
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