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ABSTRACT: Theories have revealed the universality of the band tilting effect
in topological Weyl semimetals (WSMs) and its implications for the material
physical properties. However, the experimental identification of tilted Weyl
bands remains less explored. Here, we report the magneto-optical evidence of
the tilting effect in WSM niobium phosphide. Specifically, we observe Landau
level transitions with rich features that are well reproduced within a model of
coupled tilted Weyl points. Our analysis indicates that the tilting effect relaxes
the selection rules and leads to transitions that would otherwise be forbidden
in the non-tilt case. Additionally, we observe unconventional interband
transitions with flat and negative magnetic field dispersions, highlighting the
importance of coupling between Weyl points. Our results not only emphasize
the significance of the tilting effect in the optical responses of WSMs but also demonstrate magneto-optics as an effective tool for
probing the tilting effect in electronic band structures.
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Weyl semimetals (WSMs) represent a compelling class of cannot be simply explained by an isolated WP model,**~** and
topological quantum matter where the conduction requires the consideration of more realistic structures such as
band (CB) and valence band (VB) intersect at discrete points, coupled WPs*>** or partially gapped nodal loops.*” However,
known as Weyl points (WPs). These points host a linear band the manifestation of tilting effect was not studied in these
dispersion in their vicinity with specific chiralities, resembling materials. In this work, we perform IR magneto-reflection
Weyl particles in high-energy physics.l_4 These unique band spectroscopy on NbP in the Voigt geometry and compare the
structures give rise to many exotic properties, such as Fermi arc experimental results to the Coupled WP model, both with and
surface states,’ '® chiral anomaly,” negative magnetoresist- without the tilting effect. We find that the non-tilt model
ance,'”~'* giant second harmonic generation,"* and a colossal cannot adequately describe the rich structure of spectral
photovoltaic effect.!®7 features observed in the experiment, leaving many low-energy

Since WPs are typically located at low-symmetry points in transitions unexplained. The tilting of coupled WPs relaxes the
the Brillouin zone (BZ), their band structures are often optical selection rules and allows transitions that are forbidden

18-20 in the non-tilt case. These forbidden transitions serve as
spectroscopic evidence of tilted WPs in WSMs. Our work
highlights the necessity of considering the tilting effect to fully
understand the physical properties of WSMs.

The NDbP single crystal studied here was grown using the
chemical vapor transport method (see the Supporting
Information), and it crystallized into a body-centered
tetragonal lattice structure with space group I4;md (No.
109) and point group C,,. The crystal structure of NbP is

accompanied by tilting.
solid-state realization of Lorentz violation,
significantly alter the transport and optical properties of
WSMs, leading to intriguing phenomena such as chiral
photocurrents,"®** the anisotropic chiral magnetic effect,”*
and unconventional optical selection rules.”>>” Even though
tilting can be probed by angle-resolved photoemission
spectroscopy,”””>*® its influence on the material physical
properties remains much less explored experimentally.

The transition-metal monopnictide family (TaAs, TaP,

The tilting effect is considered a
21,22 .
and it can

NbAs, NbP) includes the first experimentally observed Received: November 28, 2024
WSMs,””** which are also expected to exhibit tilted Revised:  January 28, 2025
WPs.”***5 Magneto-infrared (magneto-IR) optical measure- Accepted:  January 30, 2025

Published: February 7, 2025

ment is known to be an accurate tool in characterizing the
band structure of topological materials.**~* Tt reveals rich
spectral features in these transition-metal monopnictides that
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Figure 1. (a) Unit cell of the tetragonal crystal lattice of NbP. (b) Schematic of the experimental setup for IR Voigt reflection measurements. (c)
Schematic of the (001) surface BZ with projected bulk WP1 and WP2. The black arrow shows the direction of the applied magnetic field. The red
and blue dots represent the WPs with different chirality, and vector k,, describes the orientation and separation of two WPs in the same pair. (d)
Zero-field band structure of tilted WP2. (e) Low-energy dispersion in selected directions.

shown in Figure la, where the crystallographic 4, b, and ¢ axes
correspond to the k, k, and k. axes, respectively, in the
following discussion of band dispersion.

The lattice structure of NbP exhibits time-reversal symmetry
but lacks inversion symmetry, a key requirement for the
formation of (non-magnetic) WPs. NbP hosts two types of
WPs located at different k, planes. We designate the WPs at k,
= 0 as WPI1, while those away from the k, = 0 plane are
referred to as WP2. Due to the mirror and 4-fold rotational
symmetries in NbP, there are 4 pairs of WP1 and 8 pairs of
WP2 in the first BZ. Half of the WPs are oriented along the k,
axis, while the other half are along the ky axis. Figure Ic
illustrates the distribution and orientation of the WPs in the
(001) surface plane projection. The orientation of each WP
pair is indicated by a k,, vector, connecting WPs of opposite
chirality.

The band structure of the WPs in NbP can be well described
by a four-band tilted coupled WP model with a 4 X 4
Hamiltonian®*®

H =g (op) + mz, + bo, + T(p) (1)

where p = (p,, p,, p.) is the crystal momentum, and 6 = (o,, 6,
0,) and 7 = (7, 7, 7,) represent the spin and orbital Pauli
matrices, respectively. The Fermi velocity v, hybridization gap
m, and intrinsic Zeeman effect b are material-specific band
parameters. The last term, T(p) = v(tp,7, + tp, + t, )y
describes the tilting effect of the band structure, and it is
parametrized by t = (t, t, t). Here, It < 1 (Il > 1)
corresponds to the type I (type II) tilted WPs. In this model,
the intrinsic Zeeman effect leads to the formation of WPs, and
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the hybridization gap arises from the coupling between
WPs,**® resulting in four bands at the I'-point of the BZ
(i.e., the upper CB, lower CB, lower VB, and upper VB, in
decreasing energy order, as illustrated in Figure 1d). Near the
WPs, this model shows excellent agreement with results from
ab initio calculations across a broad range of momentum and
energy,”® providing an accurate description of the magneto-IR
experiments.‘w’44

To reveal the tilting effect, we perform IR magneto-
reflection measurements on NbP in the Voigt geometry. A
schematic of the experimental setup is shown in Figure 1b. In
our measurements, the magnetic field lies along the a axis,
while the light propagation direction is perpendicular to the ab
plane. Based on the band structure from first-principles
calculations,'”””** the Voigt geometry measurements offer
two major advantages. First, WP1 in NbP has zero Fermi
velocity along the z axis,”"”*® leading to a very flat band
dispersion. This suggests that the cyclotron orbit is infinitely
large, allowing us to neglect WP1 Landau levels (LLs) when
analyzing the magneto-IR spectra. Second, the tilting effect is
stronger in WP2 in NbP. WP1 tilts along the y direction (¢, =
0.4), while WP2 tilts primarily along the k, direction, with a
small component along k, (ty = 0.1 and £, = 0.55).2° Figure 1d
shows the tilted band dispersion of WP2, and Figure le
illustrates the line cuts along the k, (with k, = 0, k, = 0) and k,
(with k, = 0, k, = 0) directions using the band parameters
extracted from our experiment.

Figure 2a shows the measured magneto-reflectance spectra
of NbP, normalized by the zero-field spectrum, R(B)/R(B = 0
T), from 1 to 17 T. Normalized spectra at each magnetic field
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Figure 2. Magneto-reflection measurement results of NbP.
Normalized magneto-reflectance spectra, R(B)/R(B = 0 T), measured
at 5§ K (a), and its second derivative, d*R/dE* (b). Symbols are
extracted transition energies, and they are grouped into four sets and
color-coded accordingly.

can be found in the Supporting Information. As the magnetic
field increases, we observe multiple series of LL transitions,
which exhibits distinct energy intercepts and magnetic field
dispersions. For better contrast and clear visibility of the
modes, we take the second derivative of the normalized
magneto-reflectance spectra to energy and plot it in Figure 2b.
Figure 2b also displays the extracted transition energies of the
observed modes at different magnetic fields, and we divide
them into four different groups and color-code them
accordingly based on our detailed comparison with calcu-
lations below. Nevertheless, without detailed analysis, we can
already distinguish between interband- and intraband-like
transitions by their zero magnetic field intercept.

For the sets of LL transitions plotted in black and orange,
the zero-field intercept approaches zero, and they show
different magnetic field dependence at finite fields. Conversely,
for the red and blue sets of LL transitions, the zero-field
intercept is around 84 meV, indicating an interband origin.
Among these transitions, the red set (Figure 2b) is particularly
noteworthy. First, it includes a nearly flat transition in
magnetic field at 84 meV. We rule out the possibility of an
IR-active phonon mode, as no such mode has been observed
or predicted near this energy."” Second, we observe a faint but
visible transition with negative magnetic field dispersion,
starting from a similar zero-field intercept. Such unconven-
tional LL transitions, with both flat and negative magnetic field
dispersions, have also been reported in TaP and NbAs within
the same WSM family.*"**

To analyze the magneto-reflectance spectra of NbP, we
calculate the LLs using the WP Hamiltonian (eq 1) with
Peierls substitution. The optical transitions between LLs are
then computed using Fermi golden rule. We consider only the
optical weight from the I'" point where the joint density of
states diverges as can be seen from Figure le. More details of
the calculations can be found in the Supporting Information.
The resulting magneto-absorption spectra are shown in Figures
3a and 3b, with or without the tilting effect, respectively. In the
non-tilt case, we directly fit the experiment data and find that b
=50 meV, m = 42 meV, and v = 3.3 X 10° m/s yield the best
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Figure 3. Calculated magneto-absorption spectra of NbP from (a) a
non-tilt model and (b) a tilt model. The symbols are inter-LL
transition energies plotted in Figure 2b.

fit. In the tilt case, we set the tilt parameter to be t = (0, 0.1,
0.55) by fitting the four-band coupled model to the ab initio
calculations®® and find that the experimental data are best fit
with b = 60 meV, m = 51 meV, and v = 4.1 X 10° m/s. The
Pauli blocking effect in optical transitions is also accounted for
by considering the Fermi level evolution in magnetic fields, in
which the carrier density is set to 6 X 10 m™.

The calculated LL transitions for both the tilt and non-tilt
cases exhibit similar structures to those observed in experi-
ment. Both cases display interband transitions with flat, upward
(positive slope), and downward (negative slope) dispersions in
magnetic fields, along with two series of transitions that have
zero-energy intercepts. The key difference between the two
cases lies in the appearance of many additional modes for the
tilt case, indicating the relaxation of selection rules. Indeed, the
tilting effect mixes the wave functions of different LLs, leading
to the breaking of conventional selection rules and the
redistribution of the optical weights.”>~*”** It is obvious that
the non-tilt model cannot reproduce that large number of
inter-LL transitions and, more importantly, cannot explain the
existence of several intense low-energy modes below 60 meV
(Figure S2). In contrast, the tilt case calculation reproduces
well the majority of inter-LL transitions, including the low-
energy ones (Figure 3b). Thus, we can conclude that the tilting
effect plays a crucial role in the optical responses of NbP.

Next, we discuss the LL transitions in detail. In our
experiment, the magnetic field direction is parallel to k,, for half
of the WPs and perpendicular to k, for the other half (as
shown in Figure 1c). This configuration results in two different
types of Landau quantizations, (i) B k, and (ii) B Llk,,
requiring us to examine their associated LL transitions
separately.

Figure 4 shows the calculated LL transitions using the tilt
model and the resulting magneto-absorption spectra for both
B|lk, and BLlk, In both cases, the LL transitions are
grouped into four distinct series, labeled by the Roman
numerals A, B, C, and D, respectively, and the associated arrow
indicates representative transitions. For B || k,,, the downward
and flat interband transitions (C-series) originate from the 0—
LL in the upper VB to the LLs in the lower VB. The upward
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Figure 4. (a,c) Calculated magneto-absorption spectra in (a) B || k, and (c) B L k,, configurations using the tilt model. (b,d) The corresponding
LLs calculated for (b) B k, and (d) B L k,. The red dashed lines represent a shared Fermi level between these two configurations with a hole
carrier density of 6 X 10?° m™3. Roman numerals A, B, C, and D label four distinct sets of LL transitions, color-coded in black, orange, red, and blue,

respectively, in Figure 2b.

interband transitions (D-series) occur between the LLs in the
upper VB and the 0+ LLs in the lower VB. The B-series
transitions are interband transitions between the lower VB and
CB. The A-series transitions originate from intraband
transitions within the lower VB. For B L k,, the LL transition
assignments are similar.

Based on the above analysis, we attribute the red and blue
transitions in experiment (Figure 2b) to the C- and D-series in
calculation, and the dominant contributions are from the
B || k,, case. These interband transitions, especially the flat and
downward modes, signify the importance of the four-band
coupled WP model in understanding the optical transitions in
WPs, where the upper VB and CB exhibit different magnetic
field dispersion from the lower VB and CB.** In contrast, two-
band models feature only one dispersionless zeroth LL, and all
interband and intraband LL transitions exhibit positive
magnetic field dispersion.*”***’ Hence, a two-band model
cannot account for the experimentally observed transitions
with flat and downward dispersions.

For the black and orange transitions observed in experiment
(Figure 2b), we attribute these to the A- and B-series in
calculation. However, due to the gap between the lower VB
and CB in the B k, case (Figure 4b), we find that the
majority of these transitions occur in the B L k,, case, as shown
in Figures 4c and 4d.

In conclusion, we performed the experimental investigation
of the magneto-IR reflectance of WSM NbP in the Voigt
geometry and found a complex structure of inter-LL
transitions. We observe that the interband LL transitions
exhibit not only the conventional positive magnetic field
dispersion but also flat and negative dispersions. Through
theoretical analysis using a coupled WP model, we attribute
these unusual dispersions to interband transitions between the
upper and lower VBs, which cannot be explained by an isolated
WP model. Furthermore, we demonstrate that most of the
strong low-energy transitions observed in experiment are
forbidden in the no-tilt model but can be semiquantitatively
explained by introducing the tilting effect in the model analysis.
These forbidden transitions serve as spectroscopic evidence of
tilted Weyl bands and signify the importance of the tilting
effect in understanding the band structure and optical

properties of WSMs, as it redistributes wave functions and
breaks conventional selection rules.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c06072.

Details on sample growth, model calculations, normal-
ized spectra from magneto-reflectance measurements,
and other related references’® (PDF)

B AUTHOR INFORMATION

Corresponding Authors

Yuxuan Jiang — School of Physics and Optoelectronic
Engineering and Center of Free Electron Laser and High
Magnetic Field, Anhui University, Hefei, Anhui 230601,
China; ® orcid.org/0000-0001-7971-8354;
Email: yuxuan.jiang@ahu.edu.cn

Zhigang Jiang — School of Physics, Georgia Institute of
Technology, Atlanta, Georgia 30332, United States;

orcid.org/0000-0001-9884-3337; Email: zhigangjiang@

physics.gatech.edu

Dmitry Smirnov — National High Magnetic Field Laboratory,
Tallahassee, Florida 32310, United States; © orcid.org/
0000-0001-6358-3221; Email: smirnov@magnet.fsu.edu

Authors

Seongphill Moon — National High Magnetic Field
Laboratory, Tallahassee, Florida 32310, United States;
Department of Physics, Florida State University, Tallahassee,
Florida 32310, United States

Jennifer Neu — National High Magnetic Field Laboratory,
Tallahassee, Florida 32310, United States; Department of
Physics, Florida State University, Tallahassee, Florida 32310,
United States; Oak Ridge National Laboratory, Oak Ridge,
Tennessee 37830, United States

Theo Siegrist — National High Magnetic Field Laboratory,
Tallahassee, Florida 32310, United States; Department of
Chemical and Biomedical Engineering, FAMU-FSU College
of Engineering, Tallahassee, Florida 32310, United States;

orcid.org/0000-0001-5368-1442

https://doi.org/10.1021/acs.nanolett.4c06072
Nano Lett. 2025, 25, 2858—-2863


https://pubs.acs.org/doi/10.1021/acs.nanolett.4c06072?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c06072/suppl_file/nl4c06072_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuxuan+Jiang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7971-8354
mailto:yuxuan.jiang@ahu.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhigang+Jiang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9884-3337
https://orcid.org/0000-0001-9884-3337
mailto:zhigang.jiang@physics.gatech.edu
mailto:zhigang.jiang@physics.gatech.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dmitry+Smirnov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6358-3221
https://orcid.org/0000-0001-6358-3221
mailto:smirnov@magnet.fsu.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Seongphill+Moon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jennifer+Neu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Theo+Siegrist"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5368-1442
https://orcid.org/0000-0001-5368-1442
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mykhaylo+Ozerov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c06072?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c06072?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c06072?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c06072?fig=fig4&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.4c06072?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

Mykhaylo Ozerov — National High Magnetic Field
Laboratory, Tallahassee, Florida 32310, United States;
orcid.org/0000-0002-5470-1158

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.nanolett.4c06072

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was primarily supported by the Department of
Energy (Grant No. DE-FG02-07ER46451). Y.J. acknowledges
support from the National Natural Science Foundation of
China (Grant No. 12274001), the Natural Science Foundation
of Anhui Province (Grant No. 2208085MA09), and the
Department of Education of Anhui Province (Grant No.
2023AH020004). J.N. and T.S. acknowledge support by the
National Science Foundation (Grant No. DMR-1606952).
The magneto-IR measurements were performed at the
National High Magnetic Field Laboratory, which is supported
by the National Science Foundation Cooperative Agreement
(Grant No. DMR-2128556) and the State of Florida.

B REFERENCES

(1) Vafek, O.; Vishwanath, A. Dirac Fermions in Solids: From High-
Tc Cuprates and Graphene to Topological Insulators and Weyl
Semimetals. Annual Review of Condensed Matter Physics 2014, 5, 83—
112.

(2) Jia, S; Xu, S.-Y.; Hasan, M. Z. Weyl semimetals, Fermi arcs and
chiral anomalies. Nat. Mater. 2016, 15, 1140—1144.

(3) Yan, B.; Felser, C. Topological Materials: Weyl Semimetals.
Annual Review of Condensed Matter Physics 2017, 8, 337—354.

(4) Armitage, N. P.; Mele, E. J.; Vishwanath, A. Weyl and Dirac
semimetals in three-dimensional solids. Rev. Mod. Phys. 2018, 90,
No. 015001.

(5) Wan, X; Turner, A. M, Vishwanath, A,; Savrasov, S. Y.
Topological semimetal and Fermi-arc surface states in the electronic
structure of pyrochlore iridates. Phys. Rev. B 2011, 83, 205101.

(6) Yang, K.-Y.; Lu, Y.-M.; Ran, Y. Quantum Hall effects in a Weyl
semimetal: Possible application in pyrochlore iridates. Phys. Rev. B
2011, 84, No. 075129.

(7) Burkov, A. A.; Balents, L. Weyl Semimetal in a Topological
Insulator Multilayer. Phys. Rev. Lett. 2011, 107, 127205.

(8) Huang, S.-M.; Xu, S.-Y.; Belopolski, I; Lee, C.-C.; Chang, G.;
Wang, B,; Alidoust, N.; Bian, G.; Neupane, M.; Zhang, C; Jia, S;
Bansil, A,; Lin, H,; Hasan, M. Z. A Weyl fermion semimetal with
surface Fermi arcs in the transition metal monopnictide TaAs class.
Nat. Commun. 20185, 6, 7373.

(9) Weng, H.; Fang, C.; Fang, Z.; Bernevig, B. A;; Dai, X. Weyl
semimetal phase in noncentrosymmetric transition-metal mono-
phosphides. Phys. Rev. X 2015, 5, No. 011029.

(10) Sun, Y.; Wy, S.-C.; Yan, B. Topological surface states and Fermi
arcs of the noncentrosymmetric Weyl semimetals TaAs, TaP, NbAs,
and NbP. Phys. Rev. B 2015, 92, 115428.

(11) Nielsen, H.; Ninomiya, M. The Adler-Bell-Jackiw anomaly and
Weyl fermions in a crystal. Physics Letters B 1983, 130, 389—396.

(12) Huang, X.; Zhao, L.; Long, Y.; Wang, P.; Chen, D.; Yang, Z,;
Liang, H.; Xue, M.; Weng, H,; Fang, Z.; Dai, X; Chen, G.
Observation of the chiral-anomaly-induced negative magnetoresist-
ance in 3D Weyl semimetal TaAs. Phys. Rev. X 2018, 5, No. 031023.

(13) Zhang, C.-L.; et al. Signatures of the Adler—Bell—Jackiw chiral
anomaly in a Weyl fermion semimetal. Nat. Commun. 2016, 7, 10735.

(14) Niemann, A. C.; Gooth, J.; Wu, S.-C.; BiBler, S.; Sergelius, P.;
Hiihne, R,; Rellinghaus, B.; Shekhar, C.; Siif}, V.; Schmidt, M.; Felser,
C; Yan, B, Nielsch, K. Chiral magnetoresistance in the Weyl
semimetal NbP. Sci. Rep. 2017, 7, 43394.

2862

(15) Wu, L.; Patankar, S.; Morimoto, T.; Nair, N. L.; Thewalt, E.;
Little, A.; Analytis, J. G.; Moore, J. E.; Orenstein, J. Giant anisotropic
nonlinear optical response in transition metal monopnictide Weyl
semimetals. Nat. Phys. 2017, 13, 350—355.

(16) Ma, Q;; Xu, S.-Y.; Chan, C.-K.; Zhang, C.-L.; Chang, G.; Lin,
Y.; Xie, W,; Palacios, T.; Lin, H,; Jia, S.; Lee, P. A;; Jarillo-Herrero, P.;
Gedik, N. Direct optical detection of Weyl fermion chirality in a
topological semimetal. Nat. Phys. 2017, 13, 842—847.

(17) Osterhoudt, G. B; Diebel, L. K.; Gray, M. J,; Yang, X.; Stanco,
J.; Huang, X,; Shen, B.; Ni, N.; Moll, P. J. W,; Ran, Y.; Burch, K. S.
Colossal mid-infrared bulk photovoltaic effect in a type-I Weyl
semimetal. Nat. Mater. 2019, 18, 471—475.

(18) Soluyanov, A. A.; Gresch, D.; Wang, Z.; Wu, Q.; Troyer, M,;
Dai, X.; Bernevig, B. A. Type-II Weyl semimetals. Nature 2015, 527,
495—498.

(19) Wu, S.-C.; Sun, Y.; Felser, C; Yan, B. Hidden type-II Weyl
points in the Weyl semimetal NbP. Phys. Rev. B 2017, 96, 165113.

(20) Grassano, D.; Pulci, O.; Cannuccia, E.; Bechstedt, F. Influence
of anisotropy, tilt and pairing of Weyl nodes: the Weyl semimetals
TaAs, TaP, NbAs and NbP. European Physical Journal B 2020, 93,
157.

(21) Xu, S.-Y.; Alidoust, N.; Chang, G.; Lu, H.; Singh, B.; Belopolski,
L; Sanchez, D. S.; Zhang, X,; Bian, G.; Zheng, H,; et al. Discovery of
Lorentz-violating type II Weyl fermions in LaAlGe. Science advances
2017, 3, No. e1603266.

(22) Yan, M;; Huang, H,; Zhang, K,; Wang, E.; Yao, W.; Deng, K;
Wan, G.; Zhang, H.; Arita, M.; Yang, H,; et al. Lorentz-violating type-
II Dirac fermions in transition metal dichalcogenide PtTe2. Nat.
Commun. 2017, 8, 257.

(23) Chan, C.-K; Lindner, N. H.; Refael, G.; Lee, P. A.
Photocurrents in Weyl semimetals. Phys. Rev. B 2017, 95, No. 041104.

(24) van der Wurff, E.; Stoof, H. Anisotropic chiral magnetic effect
from tilted Weyl cones. Phys. Rev. B 2017, 96, 121116.

(25) Tchoumakov, S.; Civelli, M.; Goerbig, M. O. Magnetic-field-
induced relativistic properties in type-I and type-II Weyl semimetals.
Phys. Rev. Lett. 2016, 117, No. 086402.

(26) Zhang, L.; Jiang, Y.; Smirnov, D.; Jiang, Z. Landau quantization
in tilted Weyl semimetals with broken symmetry. J. Appl. Phys. 2021,
129, 105107.

(27) Wyzula, J; Lu, X; Santos-Cottin, D.; Mukherjee, D. K;
Mohelsky, I; Le Mardelé, F.; Novdk, J.; Novak, M.; Sankar, R;
Krupko, Y.; et al. Lorentz-Boost-Driven Magneto-Optics in a Dirac
Nodal-Line Semimetal. Advanced Science 2022, 9, 2105720.

(28) Jiang, J.; Liu, Z.; Sun, Y.; Yang, H.; Rajamathi, C.; Qj, Y.; Yang,
L.; Chen, C,; Peng, H,; Hwang, C,; et al. Signature of type-II Weyl
semimetal phase in MoTe2. Nat. Commun. 2017, 8, 13973.

(29) Xu, S.-Y,; et al. Discovery of a Weyl fermion semimetal and
topological Fermi arcs. Science 2015, 349, 613—617.

(30) Lv, B. Q;; Weng, H. M,; Fu, B. B,; Wang, X. P.; Miao, H,; Ma,
J.; Richard, P.; Huang, X. C.; Zhao, L. X,; Chen, G. F,; Fang, Z.; Dai,
X.; Qian, T.; Ding, H. Experimental discovery of Weyl semimetal
TaAs. Phys. Rev. X 2015, 5, No. 031013.

(31) Liu, Z. K; et al. Evolution of the Fermi surface of Weyl
semimetals in the transition metal pnictide family. Nat. Mater. 2016,
15, 27-31.

(32) Souma, S.; Wang, Z.; Kotaka, H; Sato, T.; Nakayama, K;
Tanaka, Y.,; Kimizuka, H.; Takahashi, T.; Yamauchi, K; Oguchi, T.;
Segawa, K.; Ando, Y. Direct observation of nonequivalent Fermi-arc
states of opposite surfaces in the noncentrosymmetric Weyl semimetal
NbP. Phys. Rev. B 2016, 93, 161112.

(33) Xu, S.-Y,; et al. Discovery of a Weyl fermion state with Fermi
arcs in niobium arsenide. Nat. Phys. 20185, 11, 748—754.

(34) Xu, S.-Y.; et al. Experimental discovery of a topological Weyl
semimetal state in TaP. Science Advances 2015, 1, No. e1501092.

(35) Lee, C.-C.; Xu, S.-Y.; Huang, S.-M.; Sanchez, D. S.; Belopolski,
L; Chang, G.; Bian, G.; Alidoust, N.; Zheng, H.; Neupane, M.; Wang,
B.; Bansil, A;; Hasan, M. Z.; Lin, H. Fermi surface interconnectivity
and topology in Weyl fermion semimetals TaAs, TaP, NbAs, and
NbP. Phys. Rev. B 2015, 92, 235104.

https://doi.org/10.1021/acs.nanolett.4c06072
Nano Lett. 2025, 25, 2858—-2863


https://orcid.org/0000-0002-5470-1158
https://orcid.org/0000-0002-5470-1158
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c06072?ref=pdf
https://doi.org/10.1146/annurev-conmatphys-031113-133841
https://doi.org/10.1146/annurev-conmatphys-031113-133841
https://doi.org/10.1146/annurev-conmatphys-031113-133841
https://doi.org/10.1038/nmat4787
https://doi.org/10.1038/nmat4787
https://doi.org/10.1146/annurev-conmatphys-031016-025458
https://doi.org/10.1103/RevModPhys.90.015001
https://doi.org/10.1103/RevModPhys.90.015001
https://doi.org/10.1103/PhysRevB.83.205101
https://doi.org/10.1103/PhysRevB.83.205101
https://doi.org/10.1103/PhysRevB.84.075129
https://doi.org/10.1103/PhysRevB.84.075129
https://doi.org/10.1103/PhysRevLett.107.127205
https://doi.org/10.1103/PhysRevLett.107.127205
https://doi.org/10.1038/ncomms8373
https://doi.org/10.1038/ncomms8373
https://doi.org/10.1103/PhysRevX.5.011029
https://doi.org/10.1103/PhysRevX.5.011029
https://doi.org/10.1103/PhysRevX.5.011029
https://doi.org/10.1103/PhysRevB.92.115428
https://doi.org/10.1103/PhysRevB.92.115428
https://doi.org/10.1103/PhysRevB.92.115428
https://doi.org/10.1016/0370-2693(83)91529-0
https://doi.org/10.1016/0370-2693(83)91529-0
https://doi.org/10.1103/PhysRevX.5.031023
https://doi.org/10.1103/PhysRevX.5.031023
https://doi.org/10.1038/ncomms10735
https://doi.org/10.1038/ncomms10735
https://doi.org/10.1038/srep43394
https://doi.org/10.1038/srep43394
https://doi.org/10.1038/nphys3969
https://doi.org/10.1038/nphys3969
https://doi.org/10.1038/nphys3969
https://doi.org/10.1038/nphys4146
https://doi.org/10.1038/nphys4146
https://doi.org/10.1038/s41563-019-0297-4
https://doi.org/10.1038/s41563-019-0297-4
https://doi.org/10.1038/nature15768
https://doi.org/10.1103/PhysRevB.96.165113
https://doi.org/10.1103/PhysRevB.96.165113
https://doi.org/10.1140/epjb/e2020-10110-x
https://doi.org/10.1140/epjb/e2020-10110-x
https://doi.org/10.1140/epjb/e2020-10110-x
https://doi.org/10.1126/sciadv.1603266
https://doi.org/10.1126/sciadv.1603266
https://doi.org/10.1038/s41467-017-00280-6
https://doi.org/10.1038/s41467-017-00280-6
https://doi.org/10.1103/PhysRevB.95.041104
https://doi.org/10.1103/PhysRevB.96.121116
https://doi.org/10.1103/PhysRevB.96.121116
https://doi.org/10.1103/PhysRevLett.117.086402
https://doi.org/10.1103/PhysRevLett.117.086402
https://doi.org/10.1063/5.0042307
https://doi.org/10.1063/5.0042307
https://doi.org/10.1002/advs.202105720
https://doi.org/10.1002/advs.202105720
https://doi.org/10.1038/ncomms13973
https://doi.org/10.1038/ncomms13973
https://doi.org/10.1126/science.aaa9297
https://doi.org/10.1126/science.aaa9297
https://doi.org/10.1103/PhysRevX.5.031013
https://doi.org/10.1103/PhysRevX.5.031013
https://doi.org/10.1038/nmat4457
https://doi.org/10.1038/nmat4457
https://doi.org/10.1103/PhysRevB.93.161112
https://doi.org/10.1103/PhysRevB.93.161112
https://doi.org/10.1103/PhysRevB.93.161112
https://doi.org/10.1038/nphys3437
https://doi.org/10.1038/nphys3437
https://doi.org/10.1126/sciadv.1501092
https://doi.org/10.1126/sciadv.1501092
https://doi.org/10.1103/PhysRevB.92.235104
https://doi.org/10.1103/PhysRevB.92.235104
https://doi.org/10.1103/PhysRevB.92.235104
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.4c06072?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters pubs.acs.org/NanoLett

(36) Wang, J.; Wang, T.; Ozerov, M.; Zhang, Z.; Bermejo-Ortiz, ].;
Bac, S.-K,; Trinh, H.; Zhukovskyi, M.; Orlova, T.; Ambaye, H.; et al.
Energy gap of topological surface states in proximity to a magnetic
insulator. Communications Physics 2023, 6, 200.

(37) Shao, Y.; Rudenko, A.; Hu, J.; Sun, Z.; Zhu, Y.; Moon, S.;
Millis, A.; Yuan, S.; Lichtenstein, A.; Smirnov, D.; et al. Electronic
correlations in nodal-line semimetals. Nat. Phys. 2020, 16, 636—641.

(38) Yan, H,; Li, Z.; Li, X.; Zhu, W.; Avouris, P.; Xia, F. Infrared
spectroscopy of tunable Dirac terahertz magneto-plasmons in
graphene. Nano Lett. 2012, 12, 3766—3771.

(39) Jiang, Y.; Wang, J.; Zhao, T.; Dun, Z. L.; Huang, Q; Wu, X. S;
Mourigal, M.; Zhou, H. D.; Pan, W.; Ozerov, M.; Smirnov, D.; Jiang,
Z. Unraveling the topological phase of ZrTes via magnetoinfrared
spectroscopy. Phys. Rev. Lett. 2020, 125, No. 046403.

(40) Jiang, Y.; Dun, Z.; Moon, S.; Zhou, H.; Koshino, M.; Smirnov,
D,; Jiang, Z. Landau quantization in coupled Weyl points: A case
study of semimetal NbP. Nano Lett. 2018, 18, 7726—7731.

(41) Yuan, X; et al. Chiral Landau levels in Weyl semimetal NbAs
with multiple topological carriers. Nat. Commun. 2018, 9, 1854.

(42) Polatkan, S.; Goerbig, M.; Wyzula, J.; Kemmler, R.; Maulana,
L; Piot, B,; Crassee, I; Akrap, A.; Shekhar, C.; Felser, C.; et al
Magneto-optics of a Weyl semimetal beyond the conical band
approximation: case study of TaP. Physical review letters 2020, 124,
176402.

(43) Lu, Z.; Hollister, P.; Ozerov, M.; Moon, S.; Bauer, E. D,
Ronning, F.; Smirnov, D.; Ju, L; Ramshaw, B. Weyl Fermion
magneto-electrodynamics and ultralow field quantum limit in TaAs.
Science Advances 2022, 8, No. eabj1076.

(44) Zhao, M.; Yan, Z.; Xie, X.; Yang, Y.; Leng, P.; Ozerov, M,; Yan,
D.; Shi, Y,; Yang, J; Xiu, F; et al. Unconventional Landau level
transitions in Weyl semimetal NbP. Physical Review Materials 2022, 6,
No. 054204.

(45) Jiang, Y.; Asmar, M. M.; Han, X,; Ozerov, M.; Smirnov, D.;
Salehi, M.; Oh, S.; Jiang, Z.; Tse, W.-K; Wu, L. Electron—hole
asymmetry of surface states in topological insulator Sb2Te3 thin films
revealed by magneto-infrared spectroscopy. Nano Lett. 2020, 20,
4588—4593.

(46) Koshino, M.; Hizbullah, 1. Magnetic susceptibility in three-
dimensional nodal semimetals. Phys. Rev. B 2016, 93, No. 045201.

(47) Neubauer, D.; Yaresko, A.; Li, W.,; Lohle, A.; Hiibner, R;;
Schilling, M. B.; Shekhar, C.; Felser, C.; Dressel, M.; Pronin, A. V.
Optical conductivity of the Weyl semimetal NbP. Phys. Rev. B 2018,
98, 195203.

(48) Koshino, M. Cyclotron resonance of figure-of-eight orbits in a
type-II Weyl semimetal. Phys. Rev. B 2016, 94, No. 035202.

(49) Zhang, S.-B.; Lu, H.-Z; Shen, S.-Q. Linear magneto-
conductivity in an intrinsic topological Weyl semimetal. New J.
Phys. 2016, 18, No. 053039.

(50) Jiang, Y.; Thapa, S.; Sanders, G. D.; Stanton, C. J.; Zhang, Q.;
Kono, J.; Lou, W. K,; Chang, K; Hawkins, S. D.; Klem, J. F.; Pan, W,;
Smirnov, D.; Jiang, Z. Probing the semiconductor to semimetal
transition in InAs/GaSb double quantum wells by magneto-infrared
spectroscopy. Phys. Rev. B 2017, 95, No. 045116.

2863

https://doi.org/10.1021/acs.nanolett.4c06072
Nano Lett. 2025, 25, 2858—-2863


https://doi.org/10.1038/s42005-023-01327-5
https://doi.org/10.1038/s42005-023-01327-5
https://doi.org/10.1038/s41567-020-0859-z
https://doi.org/10.1038/s41567-020-0859-z
https://doi.org/10.1021/nl3016335?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl3016335?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl3016335?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevLett.125.046403
https://doi.org/10.1103/PhysRevLett.125.046403
https://doi.org/10.1021/acs.nanolett.8b03418?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.8b03418?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-018-04080-4
https://doi.org/10.1038/s41467-018-04080-4
https://doi.org/10.1103/PhysRevLett.124.176402
https://doi.org/10.1103/PhysRevLett.124.176402
https://doi.org/10.1126/sciadv.abj1076
https://doi.org/10.1126/sciadv.abj1076
https://doi.org/10.1103/PhysRevMaterials.6.054204
https://doi.org/10.1103/PhysRevMaterials.6.054204
https://doi.org/10.1021/acs.nanolett.0c01447?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.0c01447?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.0c01447?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevB.93.045201
https://doi.org/10.1103/PhysRevB.93.045201
https://doi.org/10.1103/PhysRevB.98.195203
https://doi.org/10.1103/PhysRevB.94.035202
https://doi.org/10.1103/PhysRevB.94.035202
https://doi.org/10.1088/1367-2630/18/5/053039
https://doi.org/10.1088/1367-2630/18/5/053039
https://doi.org/10.1103/PhysRevB.95.045116
https://doi.org/10.1103/PhysRevB.95.045116
https://doi.org/10.1103/PhysRevB.95.045116
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.4c06072?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

