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such compounds are known as nodal-line 
compounds. The materials may be both 
magnetic and nonmagnetic, in which the 
nodal lines are protected by mirror sym-
metry,[1–7] and consequently, a drum head-
like topological surface state exists.[1–4]  
In ferromagnets, all bands are usually 
singly degenerate but in the presence of 
mirror planes, they may be doubly degen-
erate in the form of a Dirac nodal line. 
In such materials, the magnetism and 
topology are entangled, and depending on 
the applied magnetic field direction, the 
degeneracy of the nodal line is lifted and 
a nontrivial gap is opened.[8,9] The BC sum 
over such gapped lines is enhanced signif-
icantly. The BC that is associated with non-
trivial bands as a source of anomalous Hall 
conductivity (AHC) has recently been rec-

ognized in various compounds; for example, the chiral antifer-
romagnets Mn3Sn[10] and Mn3Ge,[11] kagome lattice ferromagnet 
Co3Sn2S2,[12] nodal-line ferromagnets Co2MnZ (Z = Ga, Al)[8,13,14] 
and MnAlGe.[15] The presence of nodal lines has been revealed 
experimentally by spectroscopy.[15,16] Among these, Co2MnZ has 
exhibited the record AHC value of 1600–2000 Ω−1 cm−1 at 2 K 
and many more compounds from the same family are awaiting 
experimental realization, which suggests the crucial role of 
mirror planes.[9] Apart from the nontrivial band topology, an 
important factor for the occurrence of large AHC is spin–
orbit coupling (SOC). We observed an AHC of 2000 Ω−1 cm−1  
for ZrMnP and 2840 Ω−1 cm–1 for HfMnP. In this work, our 
approach is to study the AHC in systems with large SOC and 
that contain ample mirror planes in the crystal structures.

Transition metal pnictides are of significant interest as they 
possess both a high ferromagnetic transition temperature (TC) 
above room temperature and large magnetic anisotropy. ZrMnP 
and HfMnP are particularly important compounds, which 
crystallize in a TiNiSi-type orthorhombic structure with space 
group (SG) Pnma (No. 62). Single-crystal X-ray analyses demon-
strated the lattice parameters to be a = 3.64 Å, b = 6.45 Å, and  
c = 7.53 Å for ZrMnP and a = 3.61 Å, b = 6.38 Å, and c = 7.47 Å  
for HfMnP. Both ZrMnP and HfMnP are ferromagnets and their 
observed TC values are 320 and 370 K, respectively (Figure 1d), 
which match well with the previous report.[17] Only the Mn 
atoms contribute to the magnetism (as indicated in Figure 1a). 
The crystals of ZrMnP and HfMnP grew in a needle shape 
along the b-axis with well-defined facets, as demonstrated by 
the Laue X-ray diffraction (Figure  1b). However, the a- and  
c-axes were the easy and difficult directions for the magnetic 

The nontrivial band structure of semimetals has attracted substantial 
research attention in condensed matter physics and materials science in 
recent years owing to its intriguing physical properties. Within this class, a 
group of nontrivial materials known as nodal-line semimetals is particularly 
important. Nodal-line semimetals exhibit the potential effects of electronic 
correlation in nonmagnetic materials, whereas they enhance the contribution 
of the Berry curvature in magnetic materials, resulting in high anomalous 
Hall conductivity (AHC). In this study, two ferromagnetic compounds, namely 
ZrMnP and HfMnP, are selected, wherein the abundance of mirror planes in 
the crystal structure ensures gapped nodal lines at the Fermi energy. These 
nodal lines result in one of the largest AHC values of 2840 Ω−1 cm−1, with a 
high anomalous Hall angle of 13.6% in these compounds. First-principles cal-
culations provide a clear and detailed understanding of nodal line-enhanced 
AHC. The finding suggests a guideline for searching large AHC compounds.

1. Introduction

Topological materials have attracted substantial attention owing 
to their nontrivial electronic band structures that offer the 
potential for revolutionary device applications. A nontrivial band 
topology appears when band inversion occurs in momentum 
space; that is, the conduction band is below the valence band 
with respect to their natural order. This inversion may occur 
in several manners, and the corresponding wave function of 
each band twists and induces a finite Berry phase that is associ-
ated with the Berry curvature (BC). In addition to the accidental 
touching of bands at a node, they may also form a line, and 
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moments, respectively, resulting in large magnetic anisot-
ropy.[17] The measured values of the saturation magnetization 
at 2 K were 1.8μB f.u.−1 for ZrMnP and 2.0μB f.u.−1 for HfMnP, 
which is consistent with previously reported value.[17] Our first-
principles calculations revealed that these compounds possess 
Dirac nodal lines, which are protected by the various mirror 
planes at different energies.

2. Results and Discussion

The zero-field longitudinal resistivity ρyy (Figure  1c) of both 
compounds increased as the temperature increased, indicating 
metallic behavior. For the current I∥[010], the value of ρyy at 2 K 
was 3.4 × 10−5 Ω cm for ZrMnP and 2.9 × 10−5 Ω cm for HfMnP. 
Both compounds exhibited similar values of the residual resis-
tivity ratio [RRR = ρyy (300 K)/ρyy(2 K)], which was 5.5, reflecting 
high quality of the crystals. The kinks in their respective resis-
tivity measurements corresponded to the magnetic transition.[17] 
A magnetic transition from the ferromagnetic to paramagnetic 
state was observed in the temperature-dependent magnetic meas-
urements with a magnetic field B = 1 T along [100], as illustrated 
in Figure  1d. ZrMnP exhibited a relatively higher TC (370 K)  

than that of HfMnP (320 K), which was consistent with the resis-
tivity measurements. Throughout this manuscript, the a-, b-, and 
c-axes of the compounds are equivalent to the x-, y-, and z-direc-
tions in the measurements, respectively.

As illustrated in Figure  1, the grown crystals of both com-
pounds had a needle shape, which provided the opportunity 
to perform Hall measurements without any additional work of 
cutting the crystals in a Hall bar geometry. The magnetic field-
dependent Hall resistivity ρzy was measured at various tempera-
tures in the range of −9 to 9 T. The observed behavior of ρzy is 
presented in Figure 2a,b, where the current was passed along 
the b-axis and the magnetic field was applied along the a-axis; 
that is, the easy axis of magnetization. The sign of the meas-
ured Hall resistivity data for the ZrMnP indicates that holes 
constituted the majority of the charge carriers, whereas in the 
case of HfMnP, the majority of charge carriers were electrons. 
These findings are in good agreement with the numerical 
results from the density functional theory (DFT) calculations  
(see band structures below, later in Section 2). A hole pocket 
exists around the U-point in the first Brillouin zone, which 
cuts the Fermi energy (EF) for ZrMnP but not for HfMnP. An 
anomaly is observed in the ρzy measurements, which is attrib-
uted to the anomalous Hall effect (AHE) that normally appears  
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Figure 1. Crystal structure, Laue pattern, resistivity, and magnetic measurements of ZrMnP and HfMnP. a) Orthorhombic unit cell of compounds 
with SG Pnma. The highlighted (101) is one of the mirror planes. b) [100] facet of as-grown crystals and their corresponding Laue patterns, where the 
needle direction is [010]. c) Temperature-dependent longitudinal resistivity ρyy along [010], indicating a metallic character with the kinks (indicated by 
arrows) corresponding to the ferromagnetic transition temperature (TC) of the compounds. d) Temperature-dependent magnetization along [100] with 
TC indicated by arrows.
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in metallic ferromagnets; that is, a sharp increase at a lower 
field, followed by saturation with a further increase in the field. 
Moreover, it exhibits a resemblance with the magnetization 
curve; however, its saturation value decreases with a decrease in 
the temperature. The measured ρxy in ferromagnets is usually 
defined as a combination of two terms: ρxy(T) = ρOHE(T) + ρAHE(T),  
where ρOHE is the contribution from the ordinary Hall effect 
that arises from the Lorentz force acting on the charge car-
riers, whereas ρAHE is the anomalous Hall contribution,  
which is unique to magnetic samples.[18] The value of  
ρAHE at 2 K is 2.5 μΩ cm for ZrMnP and 2.3 μΩ cm for HfMnP  
(Figure 2a,d), which indicates an increasing trend, and reaches 
17.2 μΩ cm and 16 μΩ cm, respectively, at 250 K. The ρAHE 
value at a fixed temperature was estimated by interpolating 
the high field value of ρzy to the zero-field as the y-intercept. 
Similarly, the AHC σAHC was estimated from the Hall conduc-

tivity σ
ρ

ρ ρ
=
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 as the y-intercept. The σAHC at 2 K is  

2000 Ω−1 cm−1 for ZrMnP and 2840 Ω−1 cm−1 for HfMnP 

(Figure  2b,e), which is observable up to their transition tem-
perature (Figure  2c,f). The total σAHC has both intrinsic and 
extrinsic contributions from different mechanisms. The 
intrinsic contribution originates from the electronic band struc-
ture (the BC), whereas the extrinsic contribution arises from 
the skew scattering or side-jump effect. To define these contri-
butions empirically, the temperature-dependent estimated ρxy

A  
can be expressed as ρ αρ βρ γρ= + +( ) ( )0 0

2 2T Txy
A

xx xx xx , where ρxx0 
is the residual longitudinal resistivity.[18] The first and second 
terms represent the extrinsic contributions from the skew 
scattering and side-jump, respectively, whereas the final term 
denotes the intrinsic contribution from the BC that is associ-
ated with nontrivial bands. To extract the intrinsic contribution, 
we plotted ρzy

A  as a function of ρ2
yy at different temperatures. The 

slope γ of the straight line directly provides the estimation of the 
intrinsic value of AHC, which is ≈900 Ω−1 cm−1 for ZrMnP and 
1400 Ω−1 cm−1 for HfMnP (Figure 3a). It can be observed that 
the ρzy

A  versus ρ2
yy plot down-turns slightly with an increasing 

temperature. The origin of such deviation is not very clear 
and it has also been observed in other compounds.[8,12,15,19,20]  
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Figure 2. Hall resistivity ρzy and conductivity σyz of ZrMnP and HfMnP when field B∥a and current I∥b in the field range of ±1 T. The left-column panels 

for ZrMnP (a–c): a) field-dependent measured ρzy at several temperatures and b) corresponding calculated σyz from relation σ
ρ

ρ ρ
=

+2 2yz
zy

zy yy
, and  

c) temperature-dependent extracted σAHC. The same measurements are provided in the right-column panels (d–f) for HfMnP. The corresponding 
insets are the data in the field range of ± 9 T.
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However, the shifting of the chemical potential with the temper-
ature is the most typical and persuasive explanation, whereby 
the AHC is constant only through the SOC gap.[21]

In compounds that possess a large BC-induced AHC, a large 
AHA is also expected. The AHA defines the ratio of the AHC 
to the longitudinal conductivity σyy at the zero-field: AHA = 
σAHC/σyy (B = 0). The AHA exhibits a linearly increasing trend 
with an increase in the temperature, but decreases further after 
peaking at ≈150 K. This is because as TC is approached, the 
anomalous behavior begins to diminish as the material starts 
to lose its ferromagnetic property. Both ZrMnP and HfMnP 
exhibit very high AHA values of 10.2% and 13.6%, respectively 
(Figures  3a,b). These values are sufficiently high to maintain 
the present compounds among the various ferromagnetic 
nodal line compounds.[8,12,15,19] Notably, ZrMnP and HfMnP 
had the highest AHC values to the best of our knowledge as 
well as relatively high AHA values.

After measuring the AHC values, we applied the tight-binding 
method (see the Experimental Section for details) to understand 
the origin of the AHC. The calculated band structures for the 
ZrMnP and HfMnP are presented in Figure 4a,b, respectively. 
Except a tiny band along Γ–Y (black line), only those bands 
(green lines) appear at the EF which contribute to the nodal-
lines. Such bands primarily dominate in electrical transport. 
There are three mutually perpendicular mirror planes for the 
particular SG symmetry Pnma. Our calculations without SOC 
reveal several nodal loops that are located in the band structure, 
which are enforced by these mirror planes (Figure 4c). By con-
sidering the SOC and magnetization direction along the a-axis 
as in the experiments, the magnetic moments are not compat-
ible with the mirror symmetry at y = 0.[8,9] In this scenario, the 
nodal lines are no longer protected and the degeneracy is lifted 
(Figure 4d). This, in turn, creates strong BC contributions along 
the former nodal lines, as illustrated in Figure 4e, which directly 
contributes to the intrinsic part of the AHC. The calculated 
intrinsic parts of the AHC are ≈1000 Ω−1 cm−1 for ZrMnP and 
≈1500 Ω−1 cm−1 for HfMnP, which are in excellent agreement 
with the intrinsic parts of the experimental values. As these 
values are remarkably high, the studied compounds are inter-
esting cases among the known nodal-line compounds.

Among the AHC values that were measured in different 
directions, the highest values were observed when B∥a. In 
this scenario, all nodal lines corresponding to the mirror plane 
at y  = 0 has their degeneracy lifted and the nontrivial gap is 
opened, whereas the other nodal lines remain degenerate. As 
this gap is larger for HfMnP, we observed a larger AHC for 
HfMnP than for ZrMnP. Our previous study indicated that 
the number of mirror planes present in the compound plays 
a crucial role in the manipulation of the AHC.[10] This was  
demonstrated by using the simple example of two different 
space groups that possessed different numbers of mirror 
planes. SG 225 contains three mutually perpendicular mirror 
planes at x  = 0, y  = 0, and z  = 0, whereas these planes are 
absent in SG 216. Consequently, the compounds that are associ-
ated with SG 225 exhibit larger AHC values compared to SG 
216. Moreover, the location of the nodal line is an important 
factor. Naturally, the nodal line structure can only contribute 
to the transport if it is located at EF. In these two cases, the 
number of mirror planes is related to the crystal structure, 
whereas the location is material specific. Our present investiga-
tion suggests that compound selection aimed at a high intrinsic 
value of AHC can be achieved by the tuning of the mirror sym-
metry that is inevitably present in various achiral space groups.

3. Conclusion

We have demonstrated AHE in ferromagnetic ZrMnP and 
HfMnP. The crystal structure of these compounds comprises 
numerous mirror planes, which result in gapped nodal-line 
states in the band structure under the SOC effect. Among the 
various nodal lines, several lie at the Fermi energy, making 
these compounds unique compared to other known nodal-line 
compounds. These nodal lines are directly responsible for high 
AHC values owing to the accumulation of large BCs. Various 
advantages are offered by the present selection of compounds, 
such as a large ferromagnetic transition temperature, one of 
the largest ever intrinsic AHC values, a significantly large AHA, 
and the scope to observe the SOC effect on the AHC value. Our 
investigations provide various opportunities for tuning the 

Adv. Mater. 2021, 33, 2104126

Figure 3. Unified scaling law to extract intrinsic AHC and anomalous Hall angle (AHA). a) Plot of AHE versus ρ 2
yy at various temperatures, where 

the linear slope indicates the intrinsic AHC value. Refer to the text for the deviation from the linearity at the higher end. b) Temperature-dependent 
measured AHA for ZrMnP and HfMnP, where AHA is defined as the ratio σAHC/σyy.
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AHC as well as searching for more compounds with higher 
numbers of mirror planes in their crystal structures.

4. Experimental Section
Crystal Growth and Characterization: The single crystals of ZrMnP 

and HfMnP were grown by the self-flux method, similar to that reported 
by Lamichhane et  al.[17] Initially, Mn chips (99.99%) were cleaned by 
placement in an evacuated quartz tube, heated to 1000 °C at a rate of 
200  °C  h−1, and maintained for 24 h before switching off the furnace. 
Shiny silver Mn pieces were obtained, which were subsequently ground 
into powder. For the single crystal growth, grounded Mn powder, P 
lumps (99.999%), and small pieces of Zr/Hf from their foils (99.8%) 
were used in a (Zr/Hf)1.25Mn85.9P12.85 stoichiometry ratio and placed in 
the dried alumina crucibles. Thereafter, the crucibles were sealed in a 
quartz tube with 5 mbar partial pressure of argon. The entire reaction 
mixture was placed in a box-furnace and heated in two steps: first to 
250 °C at a rate of 50 °C h−1 and maintained for 3 h, and subsequently 
to 1180  °C at the same heating rate. At 1180  °C, the reaction was 
maintained for 12 h for homogeneity. Slow cooling to 1025  °C was 
conducted over 180 h, at which time the additional flux was removed 
with centrifugation. Silver needle-shaped single crystals were obtained 
from the above reaction profile. The crystals of both the compounds 
were stable in air and moisture. Elemental analysis with energy 
dispersive x-ray confirmed that the composition of the compounds 
was close to 1:1:1. The crystal orientation was checked in an X-ray Laue 
diffractometer and the patterns were analyzed by using Orient Express 
software.

Electric and Magnetic Measurments: The electric and magnetic 
measurements were performed in Quantum Design PPMS and MPMS 
instruments, respectively. The electrical resistivities were measured 
by standard four-probe in ACT option. In order to get the zero Hall 
resistivity in zero field at a particular temperature, the offset value due 
contact misalignment was removed.

Numerical Methods: For the theoretical investigations, ab initio 
calculations were employed based on DFT, as implemented in Vienna 
Ab initio Simulation Package (VASP).[22] This code uses plane waves and 
pseudopotentials as a basis set. The exchange-correlation potential was 
used in the generalized gradient approximation.[23] The k mesh used for 
the integration over the Brillouin zone was 7 × 13 × 7. For calculations 
with a denser k mesh, Wannier functions were extracted from the DFT 
results using the Wannier90 package.[24] Using these Wannier functions, 
a tight-binding Hamiltonian H was constructed, which was used to 
evaluate the Berry curvature Ω in the system as follows[18,21,25]

∑ ( )
Ω =

∂
∂

∂
∂ ↔

−≠

�

( ) 2n i

n H
k

m m H
k

n x y

E E
xy
z

m n

x y

n m

 (1)

where |n〉 and En are the eigenstates and energies of Hamiltonian H. On 
this basis, the AHC was calculated as follows[18,21]



� ∑∫σ
π( )

= Ω
2

( )
2 3

3
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where fn is the Fermi distribution function. The k mesh for the integration 
over the Brillouin zone in this step was selected as 301 × 301 × 301 to 
ensure converged results.

Figure 4. Band structure, AHC, and BC of ZrMnP and HfMnP. a) Band structure and AHC of ZrMnP. b) Band structure and AHC of HfMnP. In both (a) 
and (b), the bands (green lines) which contribute to forming nodal-lines c) Bandgap of bands marked in green of HfMnP in (b) in y = 0 plane without 
SOC. Several closed loops are visible (green lines). d) y = 0 plane with SOC and magnetization along the a-axis, with gapped nodal lines (dashed green 
lines). e) Berry curvature Ω, at EF in the y = 0 plane. The large contributions are located around the gapped nodal lines (dashed green lines). Similar 
results to those in (c–e) are also expected for ZrMnP.



www.advmat.dewww.advancedsciencenews.com

2104126 (6 of 6) © 2021 The Authors. Advanced Materials published by Wiley-VCH GmbHAdv. Mater. 2021, 33, 2104126

Acknowledgements
This work was financially supported by Deutsche Forschungsgemeinschaft 
(DFG) under SFB 1143 (Project No. 247310070), the European Research 
Council (ERC) Advanced Grant No. 742068 (“TOPMAT”), and Würzburg-
Dresden Cluster of Excellence on Complexity and Topology in Quantum 
Matter—ct.qmat (EXC 2147, Project No. 39085490).

Open access funding enabled and organized by Projekt DEAL.

Conflict of Interest
The authors declare no conflict of interest.

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

Keywords
anomalous Hall effect, Berry curvatures, ferromagnets, mirror planes, 
nodal lines

Received: May 30, 2021
Revised: July 2, 2021

Published online: September 12, 2021

[1] R. Wang, J. Z. Zhao, Y. J. Jin, Y. P. Du, Y. X. Zhao, H. Xu, S. Y. Tong, 
Phys. Rev. B 2018, 97, 241111.

[2] M. M.  Hosen, G.  Dhakal, K.  Dimitri, P.  Maldonado, A.  Aperis, 
F. Kabir, C. Sims, P. Riseborough, P. M. Oppeneer, D. Kaczorowski, 
T. Durakiewicz, M. Neupane, Sci. Rep. 2018, 8, 13283.

[3] G.  Chang, S.-Y.  Xu, H.  Zheng, B.  Singh, C.-H.  Hsu, G.  Bian, 
N.  Alidoust, I.  Belopolski, D. S.  Sanchez, S.  Zhang, H.  Lin,  
M. Z Hasan, Sci. Rep. 2016, 6, 38839.

[4] C. Fang, H. Weng, Xi Dai, Z. Fang, Chin. Phys. B 2016, 25, 117106.
[5] T.  Bzdušek, Q.  Wu, A.  Rüegg, M.  Sigrist, A. A.  Soluyanov, Nature 

2016, 538, 75.
[6] R. Bi, Z. Yan, L. Lu, Z. Wang, Phys. Rev. B 2017, 96, 201305.
[7] M. N.  Ali, L. M.  Schoop, C.  Garg, J. M.  Lippmann, E.  Lara, 

B. Lotsch, S. S. P. Parkin, Sci. Adv. 2016, 2, e1601742.

[8] K. Manna, L. Muechler, T.-H. Kao, R. Stinshoff, Y. Zhang, J. Gooth, 
N. Kumar, G. Kreiner, K. Koepernik, R. Car, J. Kübler, G. H. Fecher, 
C. Shekhar, Y. Sun, C. Felser, Phys. Rev. X 2018, 8, 041045.

[9] J.  Noky, Y.  Zhang, J.  Gooth, C.  Felser, Y.  Sun, npj Comput. Mater. 
2020, 6, 77.

[10] S. Nakatsuji, N. Kiyohara, T. Higo, Nature 2015, 527, 212.
[11] A. K.  Nayak, J. E.  Fischer, Y.  Sun, B.  Yan, J.  Karel, A. C.  Komarek, 

C.  Shekhar, N.  Kumar, W.  Schnelle, J.  Kubler, C.  Felser,  
S. S. P. Parkin, Sci. Adv. 2016, 2, e1501870.

[12] E.  Liu, Y.  Sun, N.  Kumar, L.  Muechler, A.  Sun, L.  Jiao, S.-Y.  Yang, 
D. Liu, A. Liang, Q. Xu, J. Kroder, V. Süß, H. Borrmann, C. Shekhar, 
Z.  Wang, C.  Xi, W.  Wang, W.  Schnelle, S.  Wirth, Y.  Chen,  
S. T. B. Goennenwein, C. Felser, Nat. Phys. 2018, 14, 1125.

[13] A. Sakai, Y. P. Mizuta, A. A. Nugroho, R. Sihombing, T. Koretsune, 
M.-T.  Suzuki, N.  Takemori, R.  Ishii, D.  Nishio-Hamane, R.  Arita, 
P. Goswami, S. Nakatsuji, Nat. Phys. 2018, 14, 1119.

[14] P.  Li, J.  Koo, W.  Ning, J.  Li, L.  Miao, L.  Min, Y.  Zhu, Y.  Wang, 
N.  Alem, C.-X.  Liu, Z.  Mao, B.  Yan, Nat. Commun. 2020, 11,  
3476.

[15] S. N. Guin, Q. Xu, N. Kumar, H.-H. Kung, S. Dufresne, C. Le, P. Vir, 
M. Michiardi, T. Pedersen, S. Gorovikov, S. Zhdanovich, K. Manna, 
G.  Auffermann, W.  Schnelle, J.  Gooth, C.  Shekhar, A.  Damascelli, 
Y. Sun, C. Felser, Adv. Mater. 2021, 33, 1806622.

[16] I.  Belopolski, K.  Manna, D. S.  Sanchez, G.  Chang, B.  Ernst, 
J.  Yin, S. S.  Zhang, T.  Cochran, N.  Shumiya, H.  Zheng, B.  Singh, 
G. Bian, D. Multer, M. Litskevich, X. Zhou, S.-M. Huang, B. Wang, 
T.-R.  Chang, S.-Y.  Xu, A.  Bansil, C.  Felser, H.  Lin, M. Z.  Hasan,  
Science 2019, 365, 1278.

[17] T. N.  Lamichhane, V.  Taufour, M. W.  Masters, D. S.  Parker,  
U. S. Kaluarachchi, S. Thimmaiah, S. L. Bud'ko, P. C. Canfield, Appl. 
Phys. Lett. 2016, 109, 092402.

[18] N. Nagaosa, J. Sinova, S. Onoda, A. H. Macdonald, N. P. Ong, Rev. 
Modern Phys. 2010, 82, 1539.

[19] K.  Kim, J.  Seo, E.  Lee, K.-T.  Ko, B. S.  Kim, B. G.  Jang, J. M.  Ok, 
J. Lee, Y. J. Jo, W. Kang, J. H. Shim, C. Kim, H. W. Yeom, B. Il Min, 
B.-J. Yang, J. S. Kim, Nat. Mater. 2018, 17, 794.

[20] L. Ye, Y. Tian, X. Jin, Di Xiao, Phys. Rev. B 2012, 85, 220403.
[21] D. Xiao, M.-C. Chang, Q. Niu, Rev. Mod. Phys. 2010, 82, 1959.
[22] G. Kresse, J. Furthmüller, Phys. Rev. B 1996, 54, 11169.
[23] J. P.  Perdew, K.  Burke, M.  Ernzerhof, Phys. Rev. Lett. 1996, 77,  

3865.
[24] A. A.  Mostofi, J. R.  Yates, Y.-S.  Lee, I.  Souza, D.  Vanderbilt, 

N. Marzari, Comput. Phys. Commun. 2008, 178, 685.
[25] D. J. Thouless, M. Kohmoto, M. P. Nightingale, M. Den Nijs, Phys. 

Rev. Lett. 1982, 49, 405.


