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Engineering the in-plane anomalous Hall effect in Cd3As, thin films
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We predict two topological phase transitions for cadmium arsenide (Cd;As;) thin films under in-plane
magnetic field, taking advantage of a four-band k - p model and effective g factors calculated from first principles.
Film thickness, growth direction, and in-plane Zeeman coupling strength can all serve as control parameters to
drive these phase transitions. For (001) oriented Cd;As, thin films, a two dimensional Weyl semimetal phase
protected by C,, 7 symmetry can be realized using an in-plane magnetic field, which has recently been reported
in our companion paper [B. Guo, W. Miao, V. Huang, A. C. Lygo, X. Dai, and S. Stemmer, Phys. Rev. Lett.
131, 046601 (2023)]. We then put forth two pathways to achieve quantized in-plane anomalous Hall effects. By
either introducing a trigonal warping term or altering the growth orientation, the emergent C,,7 symmetry can
be broken. Consequently, in the clean limit and at low temperatures, quantized Hall plateaus induced by in-plane

Zeeman fields become observable.

DOI: 10.1103/PhysRevB.109.155408

I. INTRODUCTION

Recent magnetotransport measurements [1-3] of cadmi-
mum arsenide thin films (Cd;As;) grown by molecular beam
epitaxy (MBE) have revealed several attractive topological
phases in two dimensions (2D), including a topological insula-
tor phase and a Weyl semimetal phase. Notably, (001) grown
Cd3As; thin films under an in-plane Zeeman magnetic field
offer a minimal model of a Weyl semimetal in 2D, where it
hosts one single pair of Weyl nodes carrying opposite chirality,
separated in the momentum space, and protected by G, T
symmetry.

Weyl semimetals are elusive in solid-state systems [4-6].
To acquire this topological phase, either time reversal sym-
metry (7) or space inversion symmetry (P) must be broken.
The first experimentally confirmed 3D Weyl semimetal [7-9],
the noncentrosymmetric crystal TaAs (which breaks P), hosts
12 pairs of Weyl nodes near the Fermi surface, and displays
exotic physical phenomena including the chiral anomaly and
chiral zero sounds [10,11]. The large number of Weyl nodes
near the Fermi level, however, has hindered detailed further
investigations. A second route to a Weyl semimetal is to
break time reversal symmetry (7) starting with a parent Dirac
semimetal state that has large g factors. This approach has
been discussed in Refs. [12,13] and relies on an external
magnetic field or magnetic dopants. The location of Weyl
nodes may be controlled by the field strength, offering an
experimental advantage. We point out here that the Zeeman
effect and orbital effect are two major consequences of having
an external magnetic field. It is not enough to only consider
the Zeeman effect for bulk materials and ignore the orbital ef-
fect. Lastly, it was recently reported in Ref. [14] that magnetic
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doping remains challenging for bulk Dirac semimetals, such
as CdsAs,.

It is natural to ask if we can find a system hosting a mini-
mal number of Weyl nodes and ideally in a low-dimensional
material. Several materials are predicted to host a single pair
of Weyl nodes [15-21], but few have been experimentally
confirmed. In 3D, while Weyl nodes are topologically stable
against perturbations, external symmetry is required to protect
the Weyl nodes in 2D materials. More specifically, as noted
in Refs. [22,23], a space-time inversion symmetry (C,,7) is
the necessary component. The C,,7 symmetry enforces the
Berry curvature to be zero everywhere in momentum space
except at the band touching points that are the Weyl nodes. For
example, in a Cd;As; quantum well in the (001) direction, Cy,
symmetry is inherited from the Cy4, rotational symmetry and
the product symmetry C,,7 survives as long as the external
magnetic field is directed in the film plane. The 2D Weyl
semimetal phase is therefore predicted to appear [24] when
the quantum well subbands become inverted by the in-plane
magnetic field. It is worth mentioning that, in the thin film
region, the orbital effect of the magnetic field is greatly sup-
pressed. The Zeeman effect, which is already significantly
enhanced in systems with strong spin orbital coupling (SOC)
[25], becomes substantial and leads to the lifting of spin de-
generacy. The spin-down subbands are pushed down by the
magnetic field while the spin-up subbands are lifted up. As a
result, one pair of unobstructed Weyl nodes is created by the
Zeeman field when the in-plane magnetic field is sufficiently
strong and the zero-field band gap is small. On one side,
these Weyl points can be killed under a small out of plane
magnetic field. On the other side, one can imagine the G, T
symmetry can be spontaneously broken, for example, when
the thin film is grown along the (112) direction. As a result, the
Weyl points will be gapped out and the Berry curvatures are
localized near their original positions, leading the bands below
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the Fermi level to acquire a finite Chern number |C| = 1. This
makes a quantized in-plane anomalous Hall effect (IPAHE)
or anomalous planar Hall effect (APHE) [26-34] feasible (for
the terminology used here, see [35]). These exotic quantum
Hall signals emerge due to the nontrivial band topology tuned
by the in-plane Zeeman field with appropriate symmetries,
which is different from previous studies of so-called three
dimensional quantum Hall effects [36,37] in CdsAs, thick
slabs.

In this paper, we first present the semiclassical transport
theory for thin films under in-plane mangetic field and the full
k - p Hamiltonian for Cd;As, with higher order corrections
in Sec. II. The numerical studies of two Zeeman field in-
duced topological phase transitions are shown in Sec. III. We
summarize our discovery and discuss possible experimental
realization in Sec. I'V.

II. GENERAL THEORY AND MODEL HAMILTONIAN

A. Semiclassical transport theory

We start by introducing the linear order response of the
nonmagnetic thin film system subjected to an in-plane mag-
netic field. This analysis will serve as a foundation for
investigating the case of Cd;As,. The semiclassical equa-
tion of motion for the Bloch electron wave packet can be
formulated, taking into account the applied magnetic and elec-
tric fields [38] (wetake e = 1 = 1),

F=D 'lv+Ex + (2 v)B],
k=D '[-E—vxB—(E-B)Q], (D)

where € is the Berry curvature, D = 1 4+ B - 2 is the volume
factor, and v is the group velocity. The band index is neglected
here. When the electrical field and magnetic field is copla-
nar, we assume E = (E, 0, 0) and B = B(cos 8, sin8, 0). The
linear order transverse conductivity oy, = o’ 4+ o7 can be
solved under relaxation approximation [39—41]

ay(;) =t/[dk]D ( feq)[vx + B cos6 (R - v)]
[vy + B sinO(L - v)],

oy = / [dk] foq 2. 2

where f.q is the equilibrium Fermi-Dirac distribution function
with the energy dispersion ¢ and high order contributions are
ignored here. The first part o) contains traditional planar
Hall response and Drude term, which scales linearly with re-
laxation time 7. This contribution has been extensively studied
in three dimensional topological Weyl semimetal and nodaline
semimetal [40,41]. The second part o} is dissipationless
and antisymmetric, which results from nontrivial Berry cur-
vature. In experiments, these contributions to the transverse
conductivity can be distinguished through taking measure-
ments with B and —B and performing scaling analysis. In this
manuscript, we mainly focus on how the in-plane magnetic
field will contribute to anomalous Hall conductivity o). One
can imagine, in the two dimensional limit, the in-plane mag-
netic field will not produce Lorentz force and it only interacts
with Bloch electrons through effective Zeeman coupling. This
phenomenon only holds in the thin film region, where the film

thickness is approximately 25 nm or less and the magnetic
length is comparable to the film thickness, typically for mag-
netic fields below 15 T. The quantized plateaus induced by
the Zeeman effect in this system differ from the previously
studied 3D quantum Hall effects in Cd3As; thick slabs (with
dimensions on the scale of 100 nm to 200 nm, as reported in
Refs. [36,37]). In those studies, Landau levels were observed.

In this study, we present the effective g factor tensor in
the bulk & - p model using first principle wave functions fol-
lowing Refs. [42,43]. Consequently, we can simultaneously
capture the in-plane magnetic field-induced corrections for
band dispersion, group velocity, and Berry curvature, which
were previously treated as a perturbative O(B) correction in
Refs. [38,44-46].

B. Low energy effective model

We first revisit the low energy effective model for bulk
Cd3;As;, which belongs to a tetragonal crystal system. The
effective orbitals near the Fermi surface can be represented

as |%, :I:%) and |%, :I:%) and the symmetry allowed low energy
[12,13,47] k - p Hamiltonian then reads
M(k) Dk_ A*(k) B*(k)
Dk, M(k) B(k) —A(k)
k) =€k
Ho(k) = €(k) + Ak) B —ME) 0 ;
Bk) —A*(k) 0 —M(k)
(3)
where k) = Co + C1kZ + (k7 + k), M) =
Mo + MikZ + My (k] + k), Ak) = Ak_ + By (k3 —
iky3) + iByk kyky — B5k_k12, and B(k) = B3 (k> — k)z,)kZ +

iBsk,kyk,, ki = k, & ik,. The Dky term breaks the inversion
symmetry and cubic terms characterize the Cy4, rotational
symmetry. The x,y, z axes of the Hamiltonian are defined
along (100), (010), (001) directions. Up to the second
order, this Hamiltonian hosts two Dirac points located at
(0,0, £/—My/M;). In bulk, single crystals of Cds;As,,
structures with and without an inversion center have been
observed, as reported in [48-50], which demonstrate that
growth and processing conditions determine the specific
crystal structure. In this manuscript, we mainly focus on
the one with inversion symmetry (Dky = 0), which is based
on experiments that show the preservation of inversion
centers in high-quality MBE-grown Cds;As; thin films on
III-V substrates. This point has been carefully examined
using the convergent beam electron diffraction technique
in Ref. [2]. Note that the k - p Hamiltonian possesses a Cw
rotational symmetry in (001) direction without cubic terms.
Furthermore, the Zeeman coupling term for the bulk & - p
model can be constructed [51]:

81:B; glpB— 0 0
glpB+ —g1:B; 0 0
" = ) 4
HZeemdn MUB 0 0 gzsz g2p3+ ( )
0 0 82pB-  —82:B:
where the magnetic field is chosen as B = (B,, By, B;)

and By = B, +iBy,. We adopt the following parameters
for the k- p model Co = —0.0145 eV, C; =10.59 eVA,
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G, =11.5 eVA2, My=—0.0205 eV, M; = 18.77 eV A2,
M, =135 eVA2 and A=0.889 eVA [12]. B, =
0.0153 eV A3, B, = —0.0476 eV A%, By = 0.0669 eV A3,
By = —0.0366 eV A, Bs = 0.0668 eV A3, g, = 11.6211,
g2p =0.5876, g1, =10.0316, and g, = —4.3048 are new
parameters calculated using first-principles wave functions
following the procedures described in Refs. [42,43]. Note
that, a linear order Zeeman coupling described by g, is
allowed under four-fold rotational symmetry in the solid
system, which is different from the case of Bi [42]. To acquire
the band dispersion of CdsAs, thin film grown in a general
direction, denoted as 7/, we rotate z axis to 7’ axis using the
following matrix:

k; cos 6 —sin@ 0 ky

; = sinf cos¢ cos@ cos¢p —sing ||k,

k. sinf sin¢ cosf sing  cos¢ k.
)

We set (8, ¢) = (0, 0), [ /4, arctan(ﬁ/Z)] for Cd3As, thin
films grown along the (001) and (112) directions, respectively,
which are available through MBE.

C. Critical thickness for Cd3;As; thin films

We emphasize that in order to achieve the in-plane Zeeman
field-induced topological transition, two conditions must be
satisfied: the film thickness should be sufficiently thin and the
band gap should be small. By meeting these criteria, the band
inversion can occur through the application of a moderate
magnetic field. Therefore, it becomes crucial to determine the
critical thickness of the thin film for different growth orienta-
tions. It was first proposed in Refs. [52-54] that the electron
band and hole band will oscillate with the film thickness and
the two dimensional topological insulator (2D-TI) phase can
be obtained as a result of the quantum confinement effect.
This is the case for Dirac semimetal Cd;As, [47]. We start
by presenting the subband structures of Cd;As; thin films.
To simulate the corresponding quantum well (QW) struc-
ture in experiments, the continuous limit that k. = —id, and
open boundary condition along 7' directions are applied. The
Hamiltonian H (k") = H(k., k;, —id,) can then be expanded
using a plane-wave basis

’—\/3'””’L L2<Z <L/2 (6
Yu(2) = Zs1n[f<z+z>:|, —L/2 <7 <LJ2, (6)

where L is the thickness of the thin film and n is taken
up to 50. As shown in Fig. 1, the electron band and hole
band oscillate, which allows us to obtain the 2D TI phase
by tuning the thin film thickness. We first focus on the thin
films grown along the (001) direction. By direct inspection
of Eq. (3) (set D = 0 and ignore cubic terms), we can easily
solve for the energy levels at I point with E, = Cy + My +
(Ci + M)(n /L)* and H, = Cy — My + (C; — My)(n7 /L)
The critical thickness L., should satisfy E,, = H,. Then we get
L., = nm//—My/M, and the same analysis can be performed
for (112) grown thin films. For (001) thin films, L.; = 10 nm,
L., = 19 nm, for (112) thin films, L.; = 11 nm, and L, = 21
nm. We labeled the first 2D-TI region in Fig. 1 and the nu-
merical result is consistent with recent transport experiment

E (meV)

0 20 40
L (nm)

FIG. 1. Energy levels at the I point near the Fermi surface versus
the thin films thickness for (a) (001) thin films and (b) (112) thin
films. Here, we take D = 0 and ignore cubic terms in Eq. (3). The
2D-TI phase appears in a oscillatory fashion as the function of the
thickness of the thin film. We labeled the first 2D-TI (Z, = 1) region
in the shadowed area, which has the best chance to be realized in
experiments.

[3]. Among different thicknesses, a thin film grown around
20 nm has the highest probability of realizing the Zeeman field
induced effect. In the upcoming discussion, we will delve into
the details of this phenomenon.

III. ZEEMAN-FIELD INDUCED PHYSICAL EFFECTS

In this section, we demonstrate that Cd;As, thin films can
manifest rich topological phase diagrams under the influence
of an in-plane magnetic field. The Zeeman effect serves to lift
the spin degeneracy of the subbands, leading to their inversion
when the in-plane magnetic field is sufficiently strong. For
thin films grown along the (001) direction, a single pair of
Weyl points can be stabilized by C,,7 symmetry. Once this
symmetry is broken, the emergence of the in-plane quantum
anomalous Hall effect can be anticipated. Conversely, for
thin films grown along the (112) direction and near a critical
thickness, a topological gap remains robust when an in-plane
Zeeman field is introduced.

A. Two dimensional Weyl semimetal phase

We start with a general analysis for (001) grown Cd;As;
thin films under in-plane magnetic field. We can expect the or-
bital effect (which results in Landau levels) and Zeeman effect
to coexist when the field is switched on. We first estimate the
magnetic length g = /h/eB = 25.6//B[T] [nm] is around
10 nm for 10 T, which is comparable with the thin film thick-
ness. The cyclotron motion of the electrons along the (001)
direction is greatly suppressed by the quantum confinement
effect. On the other side, the Zeeman effect leads to the spin
splitting and the energy levels at the I point can be modified
by a magnitude of gupB. It is noteworthy that the energy scale
of the Zeeman splitting is typically small in comparison to the
large band gap found in conventional semiconductors. How-
ever, the band gap in these topological thin films is readily
tunable, rendering the Zeeman effect particularly significant.
As a result, the topological gap of the 2D-TI will be inverted.
One pair of Weyl nodes appear at the band crossing point
and they are protected by the new emergent C,,7 symmetry.
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FIG. 2. (a) Topological phase diagram for (001) grown Cd;As, thin films under in-plane magnetic field B. The color bar labels the
calculated band gap of the thin films at the I point. We focus on the 9-nm- to 19-nm-thick thin films, which are in the 2D-TI phase when
there is no magnetic field. The normal insulator (NI) phase and Weyl semimetal (WSM) phase are labeled in different colored regions. We
show the most possible thickness to realize the WSM phase is close to the critical point (19 nm). For an 18-nm-thin film, we take a line cut on
the phase diagram to illustrate different phases. The half circle denotes the 2D-TI phase (0 T), the square denotes the normal insulator phase
(2 T), the triangular is the WSM phase (10 T), and the diamond is the WSM phase (15 T). (b) Band structures calculated along the direction
perpendicular to the magnetic field for 18 nm (001) grown thin films under in-plane magnetic field. Zeeman effect and orbital effect are all
considered. Four central bands close to the Fermi level are depicted in red, while other bands are in blue. When B = 0 T, the system is in a
2D-TI phase; all bands are doubly degenerate. When B = 2 T, the system is a normal insulator. When B = 10, 15 T, the system is in a WSM
phase. The inset shows the band dispersion of the 2D WSM, but within a lower energy range. Two Weyl nodes are separated in the momentum
space and a stronger in-plane magnetic field can push them away from each other.

This new symmetry guarantees the Berry curvature to be zero
everywhere in the momentum space except the Weyl nodes
and the Berry phase integrated along the path enclosing the
Weyl nodes must be £7.

We confirmed the above analysis using numerical calcula-
tions. We first assume B = (B,, By, 0), B, = B cos¢, B, =
Bsing and set D =0, Bj_s =0 for simplicity; the full
Hamiltonian incorporating in-plane magnetic field should be
Z/ N Z/

HB = 7‘[0 <k)/c + ET’ y ZT, _iaz/) + HZeemanv (7)
BV BX

where Landau gauge and Peierls substitution are applied to
fully consider orbital effect. Then the magnetic Hamiltonian
‘Hp can be expanded under the plane-wave basis v, (") de-
fined in Eq. (6). The computed phase diagram illustrating the
band gap as a function of the in-plane magnetic field B and
the film thickness L is presented in Fig. 2(a). Notably, when
the film thickness approaches the critical point L., even a
moderate magnetic field can induce a phase transition from
a normal insulator (NI) to a Weyl semimetal (WSM). For
instance, consider an 18 nm thin film, as shown by the line
cut in Fig. 2(a) and the corresponding band structures in
Fig. 2(b). In the 2D-TI phase without an applied magnetic
field, all subbands are doubly degenerate. With a sufficiently
strong in-plane magnetic field (around 10 T), a pair of Weyl
nodes emerges in the direction perpendicular to the mag-
netic field. We also explore the role of orbital effects in our

calculations. Both Zeeman and orbital effects are accounted
for in the subband structures depicted in Fig. 2(b). Our find-
ings indicate that the orbital effect is suppressed in this thin
film due to quantum confinement, meaning no emergence of
Landau levels; see more numerical results in the Supplemental
Material (SM [55]). Nonetheless, the orbital effect acts to
spatially separate the Weyl nodes in momentum space. This
2D Weyl semimetal phase is stable against the inversion sym-
metry broken term Dk and cubic terms obeying Cy, rotational
symmetry in Eq. (3), because C,7 symmetry survives after
considering these perturbations [22]; more numerical results
considering cubic terms’ correction and the inversion symme-
try breaking term are shown in the SM [55].

B. In-plane anomalous Hall effect

The conventional quantum Hall effect arises due to the
formation of Landau levels and the breaking of time-reversal
symmetry in the presence of an external magnetic field. A
quantized Hall conductance can also manifest in a specific
class of materials, even in the absence of an applied magnetic
field. This occurs when time-reversal symmetry is sponta-
neously broken, either by magnetic dopants [56], intrinsic
magnetic order [57], or moiré potentials [58—61]. This phe-
nomenon is termed the quantum anomalous Hall (QAH) effect
[62]. As discussed in the previous section, the orbital effects of
an in-plane magnetic field are suppressed in topological thin
films with strong spin-orbit coupling (SOC). Concurrently, an
enhanced Zeeman effect can induce the inversion of a pair of
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electron and hole bands when the field is sufficiently strong.
As a result, one could anticipate the emergence of a Chern
insulator phase originating from the Zeeman effect upon the
breaking of certain symmetries [26-29], an effect which is
likewise anomalous.

The key principle for achieving a CI with an in-plane
magnetic field in a 2D WSM we elaborate is to break the Cy, 7T
symmetry. Upon the inclusion of symmetry-breaking terms,
specifically trigonal warping [63]. For the case of (001) grown
CdsAs,, it can be written as

0 0 (Rs + iRk k| (Ry + iRk kg
0 (Ri — iRDk_k;  (—Rs + iRk,
) =1 R, —iROk_k; Ry + iR )ksky 0 0 ’ ®)
Ry — iRk_ky  (—Rs — iR ks 0 0

where k| = kf + ky2 and Ry, R,, R3, R4 are real numbers. After
integrating the trigonal warping in the minimal 2D WSM
model, a nontrivial topological gap appears, as shown in
Fig. 3(a). The Berry curvature €2,(k) shows a localized dis-
tribution near the initial positions of the Weyl nodes, as
illustrated in Fig. 3(b). The corresponding integral of 2.(k)
becomes quantized to 2. From an experimental perspective,
this kind of warping effect can be introduced in (001) grown
thin films through introducing a C3 symmetric moiré potential
[64—-69] through gate engineering [70] or proximity effect
[71]; see a brief discussion in the SM [55].

Then we focus on a realistic scenario to realize Zeeman
field induced quantized IPAHE in Cd;As,. We further observe
that thin films of Cd;As, grown along the (112) direction,
which corresponds to the (111) axis in an approximate cubic
unit cell, offer an exceptional platform. It is noteworthy
that, unlike the (001)-grown films, those grown along the
(112) direction possess only an approximate C; rotational
symmetry. This naturally breaks the C,,7 symmetry when an
in-plane magnetic field is applied. To account for this type
of symmetry breaking, we take the cubic terms in Eq. (3)
into consideration. The topological phase diagram for these
(112)-grown CdsAs, thin films under an in-plane magnetic

@ Mo 2 18x10
[— ]
— \\
0.1
10 |
E 0 “
: \/ ol
S /\,J/ |
—-10
\ —0.1
0T R w015 0Tk (m 1) 01

FIG. 3. (a) Band structure for the 2D Weyl semimetal
phase (B, =15 T) after integrating the trigonal warping term.
(R1,R>, R3, Ry = 100 eV A3.) A small nontrivial gap is opened, as
shown in the inset. (b) Calculated Berry curvature €2, (k) for all bands
below Fermi level in the momentum space. The trigonal warping
results in the singular behavior of the Berry curvature. As depicted
in the inset, the Berry curvature concentrates near the original Weyl
points. The contours for the band gap are also depicted in units of
meV.

(

field is presented in Fig. 4(a). Note that, in the unrotated
coordinate, By + B, + 2B, =0 should be satisfied. If ¢
captures the angle between the magnetic field and k. axis, we
get B, = (~/2/6++/2/3)B cos ¢ + 1/+/3B sing, By, =
—(¥/2/6 +/2/3)B cos ¢ + 1/+/3B sing, and B, =
—1//3B sing. The white dashed line in the diagram
indicates the minimum magnetic field magnitude required
to drive the system into the CI phase. The most favorable
region for this transition is close to the critical thickness
where the band gap is nearly zero. To illustrate the Zeeman
effect-induced phase transition, we take a 20-nm-thin film
and set ¢ = /15 as an example. In the absence of a
magnetic field, the thin film behaves as a 2D TI, as shown
in Fig. 4(b). Application of a small in-plane magnetic field
leads to band inversion. Unlike the 2D WSM phase observed
in (001)-grown thin films, the avoided band crossing is
highlighted in Fig. 4(b). Increasing the magnitude of the
in-plane magnetic field enlarges the topological gap. When
B > 14 T, a sizable gap opens, facilitating the quantized
IPAHE.

We now investigate the impact of in-plane magnetic field
strength and temperature on the quantized Hall conduc-
tance plateau in a 20-nm-thin film using Kubo formula. In
numerics, we preserve 32 subbands, use a 1500 x 1500 k-
mesh, and truncate the momentum space in a square region
(—=0.8 nm~! < kA’,,k}’, < 0.8 nm™"). The calculated plateau
for Hall conductance is close to quantized. As depicted in
Figs. 5(a) and 5(b), the width of the plateau increases with
the application of a stronger magnetic field B > 10 T and is
stabilized at an ultralow temperature 7 < 1 K. We emphasize
here that the IPAHE is distinct from the conventional planar
Hall effect. Specifically, the Hall conductance for IPAHE is
an odd function of the in-plane magnetic field, as opposed
to an even function in the conventional case [29,72,73]. This
is also confirmed in our numerics that the sign of the Hall
conductance will be changed by varying the direction (varying
@) of the in-plane magnetic field, as shown in Fig. 5. We
further notice that a small deviation from inversion symmetry
may cause noteworthy Berry curvature dipole distribution (we
present the profile for the distribution of Berry curvature and
corresponding dipole in the SM [55]), which hints that nonlin-
ear planar Hall effect [45,74] can coexist with the quantized
IPAHE. The breaking of inversion symmetry can be achieved
through using specific growing methods or applying a vertical
electrical field [25]. This intriguing phenomenon will be the
subject of future studies.

155408-5



MIAO, GUO, STEMMER, AND DAI

PHYSICAL REVIEW B 109, 155408 (2024)

(a) NI al

14F L &

12F

cl

NI

10 15 20
L (nm)

(b) 0T Tl 4T CI

2 \/ - L
3 [\
E 0f I r

20t L

10T ClI 14T Cl

3
E 0f -

—20¢, L

-05 k(m1) 05-05 k(m 1) 05

FIG. 4. (a) Topological phase diagram for (112) Cd;As, thin films under in-plane magnetic field. The normal insulator (NI) phase and
Chern insulator (CI) phase are labeled in different colored regions. The white dashed curve represents the minimal in-plane magnetic field to
realize the CI phase at each thickness. We show the most possible thickness to realize the CI phase is close to the critical point (21 nm). For a
20-nm-thin film, we take a line cut on the phase diagram to illustrate the different phases. The circle denotes the 2D-TI phase (0 T), the square
(4 T), the triangular (10 T), and the diamond (14 T) are all in the CI phase but with increasing topological gaps. (b) Calculated band structures
along &/, for a 20 nm (112) grown Cd3As, thin film under different in-plane magnetic fields. Four bands close to the Fermi surface are labeled
in red, while other remote bands are in blue. When B = 0 T, it is in a 2D-TI phase; all bands are doubly degenerate. When B > 14 T, the
system is in a CI phase. The topological gap persists and is enhanced by the in-plane magnetic field.

IV. CONCLUSIONS

In this paper, we conduct a comprehensive investigation of
Zeeman-field induced topological phase transitions in CdsAs;
thin films. Unlike previous studies [12,13] that mainly focus
on the Zeeman effect in bulk materials, we highlight the crit-
ical role of Zeeman splitting in thin films, especially when
coupled with quantum confinement effects. Our analysis re-
veals that, in thin films grown along the (001) direction, the
orbital effects of an in-plane magnetic field B < 15 T are
negligible and the Zeeman effect becomes the dominant factor
driving topological phase transitions. For (001)-oriented films,

(a) (b)

we predict the emergence of a 2D Weyl semimetal (WSM)
phase, which is stabilized by C,,7 symmetry. Furthermore,
the positions of the Weyl nodes can be manipulated through
the direction and magnitude of the applied in-plane magnetic
field. Once the C,, 7 symmetry is broken due to trigonal
warping, it will give rise to Chern bands. On a parallel note,
for thin films grown along the (112) direction where Cp, T
is obstructed from geometry, we foresee the possibility of
observing a quantized IPAHE at low temperatures and in the
clean limit, under a strong magnetic field. Our approach for
achieving these phase transitions is generally applicable to
MBE-grown topological thin films characterized by strong

(c)
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FIG. 5. (a) Calculated Hall conductance |oy,| versus the chemical potential at 2 mK for a 20 nm (112) grown thin film, with different
magnitudes of applied in-plane magnetic fields (¢ = 7 /15). (b) Calculated Hall conductance at different temperatures versus the chemical
potential for a 20 nm (112) grown thin film applied with a 14 T in-plane magnetic field. The quantized plateaus are stable at low temperatures.
(c) Quantized anomalous Hall conductance (chemical potential is set in the gap) versus the angle between the in-plane magnetic field B and

k.. Bis setat 10/12/14 T. It is clear that 0,,(B) = —0y(—B).
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spin-orbit coupling, large effective g factors, and appropriate
symmetries [28,29].
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