L T

/

1\

=y

Downloaded by guest on January 5, 2021

L)

Check for
updates

Optical signatures of Dirac nodal lines in NbAs,;

Yinming Shao®*', Zhiyuan Sun®®, Ying Wang¢, Chenchao Xu®, Raman Sankar®!, Alexander J. Breindel®, Chao Cao?®,
Michael M. Fogler®, Andrew J. Millis*", Fangcheng Chou®, Zhigiang Li', Thomas Timusk", M. Brian Maple®, and

D. N. Basov®?

2Department of Physics, Columbia University, New York, NY 10027; PDepartment of Physics, University of California at San Diego, La Jolla, CA 92093;
“National High Magnetic Field Laboratory, Tallahassee, FL 32310; YDepartment of Physics, Zhejiang University, Hangzhou 310036, China; ¢Center for
Condensed Matter Sciences, National Taiwan University, Taipei 10617, Taiwan; fInstitute of Physics, Academia Sinica, Taipei 10617, Taiwan; 9Department
of Physics, Hangzhou Normal University, Hangzhou 310036, China; "Center for Computational Quantum Physics, Flatiron Institute, New York, NY 10010;
iCollege of Physical Science and Technology, Sichuan University, Chengdu, Sichuan 610064, China; iDepartment of Physics and Astronomy, McMaster
University, Hamilton, ON L8S 4M1, Canada; and *Quantum Materials Program, Canadian Institute for Advanced Research, Toronto, ON M5G 1Z8, Canada

Edited by Laura H. Greene, Florida State University, Tallahassee, FL, and approved November 15, 2018 (received for review June 21, 2018)

Using polarized optical and magneto-optical spectroscopy, we
have demonstrated universal aspects of electrodynamics asso-
ciated with Dirac nodal lines that are found in several classes
of unconventional intermetallic compounds. We investigated an-
isotropic electrodynamics of NbAs; where the spin-orbit coupling
(SOCQ) triggers energy gaps along the nodal lines. These gaps man-
ifest as sharp steps in the optical conductivity spectra o¢(w). This
behavior is followed by the linear power-law scaling of o¢(w)
at higher frequencies, consistent with our theoretical analysis
for dispersive Dirac nodal lines. Magneto-optics data affirm the
dominant role of nodal lines in the electrodynamics of NbAs;.

nodal-line semimetal | optical conductivity | magneto-optics |
Dirac fermions

odal-line semimetals (NLSMs) are newly discovered quan-

tum materials with linear bands and symmetry-protected
band degeneracies. Compared with 3D Dirac/Weyl semimetals
(Fig. 14), the band touching in NLSMs (Fig. 1 B and C) is not
constrained to discrete points but extends along lines in the Bril-
louin zone (BZ) (1-4). This unconventional band structure has
been predicted to give rise to topologically nontrivial electronic
phases (3). For example, the first Weyl semimetal phase discov-
ered in the NbAs family (5-7) is ultimately rooted in nodal lines
(8, 9). Despite intense theoretical interest (10-13) and numer-
ous material predictions (3, 4), experimental results for NLSMs
are sparse, with ZrSiS (14, 15) and PbTaSez (16) being the only
examples. The dominant tool in the search for topological nodal
systems is angle-resolved photoemission spectroscopy (ARPES).
In addition to ARPES, nontrivial topologies in quantum mate-
rials are often revealed via nontrivial response functions (4).
Optical and magneto-optical probes are particularly well suited
for investigating nontrivial bulk response functions (17, 18), sub-
tle surface states (19), and Berry curvature effects [through
nonlinear optics (4, 20)]. The nontrivial response functions in
general NLSMs registered through power-law analysis are the
subject of this study.

Power-law behavior of the real part of the optical conductiv-
ity (o (w)=01(w) + i02(w)) over extended frequency [i.e., o1 (w)~
w72 (21-23)] is a hallmark of Dirac-like nodal points in solids.
Linear (o1(w)~w) and constant optical conductivity has been
confirmed in 3D [e.g., pyrochlore iridates (24), Dirac semimetal
CdsAsy (25), and ZrTes (26)] and 2D [e.g., graphene (27)],
respectively. Note that the linear power-law conductivity may not
extrapolate to zero (25) due to, for exampe, overlapping intra-
band contributions (28). Nevertheless, the constant (positive)
slope of conductivity (do1 /dw = const.) is still anticipated. Here,
we show experimentally and theoretically that energy-dispersive
Dirac nodal lines can also give rise to linear optical conductivity.
Similar to other Dirac materials (25, 27), the power law of o1 (w)
may be terminated at the lowest frequencies by the opening of the
low-lying gap 2A in Dirac band dispersion. However, at w > 2A,
the linear dispersion persists and inevitably gives rise to the atten-
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dant power law of 01 (w). In this regard, we refer to gapped nodal
lines simply as nodal lines, and the node is understood as the
“Dirac point” of the massive Dirac band (17, 29).

We explore the electrodynamics of nodal lines using NbAs; as
a case study. The observed power-law behaviors in o1 (w) spectra
are corroborated by density functional theory (DFT) calcula-
tions. Furthermore, the Dirac linear dispersion perpendicular
to the lines has been identified via the square-root scaling of
Landau levels (LLs) in magneto-optics, a fingerprint of systems
with nodal points in the electronic structure (30-32). The notion
of nodal lines established here through unusual response func-
tions might also explain the exotic magnetoresistance properties
of NbAs; (33-35).

Characteristic infrared responses of nodal intermetallic sys-
tems and their relationship to the electronic structure of
Dirac/Weyl semimetals are displayed in Fig. 1. While the opti-
cal responses of the Weyl semimetal (Fig. 14) and flat NLSM
(Fig. 1B) have been studied extensively (17, 23-26, 28, 36), the
response of the dispersive nodal line (Fig. 1C) remains underex-
plored (18). The optical conductivity spectrum of the dispersive
nodal line (Fig. 1C) resembles that of Weyl cones at low energy,
where o1(w)~w or equivalently doi/dw = const. Above cer-
tain photon energy when the entire dispersive region is being
interrogated by infrared photons, the conductivity power law
approaches that of the flat nodal line. This characteristic behav-
ior of o1(w) outlines a straightforward approach in the search
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Fig. 1. Band structure schematic (Left) and corresponding optical conduc-
tivity (Right) for 3D Weyl cones (A), flat nodal line (B), and dispersive nodal
line (C). Red color in the band structure schematic indicates filled electronic
states. Gray lines and dashed red lines in the optical conductivity repre-
sent gapless and gapped responses, respectively. In A and B, the optical gap
comes from finite doping (Ef # 0), while the electronic structure is gapless.
Note that the conductivity spectra in A apply to Dirac nodes as well. For
C, the gap originates from SOC, and the bands are dispersive along the line
direction kjj,e. The orange line in C is the nodal line projected in momentum
space.

and investigation of the NLSM physics. We stress that in realis-
tic materials, the energy dispersion of the nodal structure, finite
offsets of the Fermi energy (Er # 0), and/or energy gaps derived
from spin-orbit coupling (SOC) lead to deviations from previous
predictions that ignored these factors (36, 37).

A dispersive nodal line is described by the Dirac-like Hamilto-
nian (SI Appendix, section 2) with the band dispersion

Ei:i\/A2+U12k12+U22]€22+UH/{:”, [1]

where kj is the momentum along the nodal line, while k; and
ko are those perpendicular to the nodal line. As schematically
shown in Fig. 1C, there is a gradual energy shift along the ki
with slope quantified by the “velocity” v;. Perpendicular to the
nodal line, the dispersion is Dirac-like with the asymptotic veloc-
ities v; and v2. SOC induces a finite mass A. We have derived an
analytical form for the real part of the optical conductivity of a
generic nodal-line conductor with or without SOC (SI Appendir,
section 2):

i N €2 v2 4N?
Thu) = 15 R (1425 Jow-280), 12

where v; is the asymptotic velocity along the electric field direc-
tion. Note that along the nodal-line direction, v3 = 0 and the

Shao et al.

corresponding oy, vanishes. N is the degeneracy of nodal lines,
e is electron charge, h is Planck’s constant, ko(w) is the effec-
tive nodal-line length in k-space where optical transition actually
takes place, O is the step function, 2A is the gap introduced by
SOC, and 2A,, is the optical gap (2A + 2Er). If the nodal-line
length is independent of frequency [ko(w) = ko], the simple flat

optical conductivity UNL(UJ)N%I{IO occurs above the gap. How-
ever, once frequency-dependent nodal-line length is considered,
the optical conductivity attains the same frequency dependence
as ko(w). Therefore, onz(w) provides direct access to the com-
plex geometry of a nodal line in k-space via its length ko (w). For
linearly dispersive nodal lines as described by Eq. 1, we find that
ko(w) = w/v and the interband optical conductivity scales as
o1 (w)~(v? /v1v2)w. We remark that since v3 = 0 along the nodal
line, this o1(w) resembles the optical conductivity of strongly
anisotropic 3D Dirac points (see SI Appendix, section 2C for
more discussion).

We display in Fig. 2 the results of the ab initio calcula-
tions of the nodal lines (orange) in NbAs, obtained by using
DFT. Notably, the nodal lines in NbAs, are open-ended and
extend indefinitely through multiple BZs. The directionality of
the open nodal lines implies huge optical anisotropy since the
dissipative part of the conductivity o1 (w) is predicted (18, 36,
37) to vanish along the nodal-line direction (Fig. 1 B and C).
We remark that nodal lines are usually not fixed along high
symmetry lines and therefore can elude only a cursory band
structure inquiry. To avoid this potential shortcoming, we have
performed 3D band structure calculations for NbAs, near Y-
X and I;-Z (see Fig. 2B and see Fig. 4 C and D) in our
search for the nodal-line dispersion in this compound (see
also SI Appendix, Movies S1 and S2). The blue shaded area
indicates the dispersive nodal-line region that dominates the
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Fig. 2. (A) Ab initio calculations of the nodal lines (orange) in momentum
space of NbAs;. Red symbols are the high symmetry points in the BZ near the
nodal lines. Blue arrows label the crystallographic axes in the (001) plane. (B)
Band structure for NbAs; calculated along high symmetry points in A, with
(solid lines) and without (dotted lines) SOC. Gray arrows indicate possible
optical transitions.
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low-energy (<0.3 eV) electrodynamics of NbAs; that we will
analyze next.

The polarized reflectance spectra obtained for the (001)
surface of NbAs, at 10 K are displayed in Fig. 34. The a-
axis reflectance (R”) shows a pronounced plasma minimum
(~125 meV) near the screened plasma frequency. In the b-axis
data (R?), the plasma edge appears broadened, and a sharp dip
develops ~110 meV. Fig. 34 also reveals strong anisotropy in
midinfrared energy arrange >50 meV.

In Fig. 3 B, Left, we display the 10 K optical conductivity
for both polarizations of incident light. The Drude conductiv-
ity in both ¢{ and ¢? feature multiple free-carrier components
(81 Appendix, section 2D), consistent with multiple Fermi pock-
ets revealed by quantum oscillation measurements (33-35). The
most striking feature is the sharp double step in ¢! (green
arrows), followed by o1 (w)~w relation over an extended fre-
quency range. A somewhat weaker step structure and linear
conductivity are also evident in of. Interestingly, the double-
step structure followed by a linear conductivity at higher fre-
quencies resembles the response predicted for Weyl semimetals
with inversion symmetry breaking (23). In this toy model with
energy-shifted Weyl cones (23), Pauli blocking (forbidden optical
transitions when the final states are filled) happens at different
energies; hence, the predicted double step appears. Although
no Weyl points exist in NbAs,, the nodal lines give rise to
linearly growing o;(w) above the gaps, which we will focus
on next.

Optical conductivities calculated using DFT are shown in
Fig. 3 B, Right. The DFT spectra capture the gross features of
the data, including the steps, the linear dependence, and the
slope change at E,,..~0.3 eV in both ¢f and ¢?. The anisotropy
between o and o! is also evident in the calculations. Impor-
tantly, while the linear slope extrapolates close to 0 at zero
energy for o, both the experiment and the calculations show
a large, nonzero intercept for o). This large intercept at zero
energy is inconsistent with the optical conductivity model for
3D Dirac/Weyl fermions mentioned above (Fig. 14). Instead, we
show that the linear conductivity and the intercept result from
the nodal line in NbAs;. SOC triggers energy gaps along the
nodal line (Fig. 4E), and the gap size changes from ~100 meV
(2A2) near the high-symmetry line X:-Y to ~80 meV (2A1) near
I1-Z. Both the X;-Y direction and I;-Z direction are parallel to
the k, direction (Fig. 4 and SI Appendix, Fig. S2). We demon-
strate below that, while a flat nodal line (near X;-Y’) gives rise
to constant o1 (w) (Fig. 1B), the dispersive nodal line near I,-Z
leads to linear conductivity (Fig. 1C) in NbAs,. The combination

of dispersive and flat nodal lines causes the linear optical conduc-
tivity with a large intercept observed both in experiment and in
DFT calculation.

In Fig. 44, we show ¢ (w) data at three different tempera-
tures. A notable feature of these data is the broadening of the
step-like structure at higher temperatures. The blue dotted line
is the fit to o} (10 K) using Eq. 2 and band structure param-
eters (SI Appendix, section 2D), showing excellent agreement
with experiment. Gray dashed and solid lines display the contri-
butions to the fit associated with interband transitions from the
dispersive and flat nodal line, respectively. The fitting parameters
are listed in SI Appendix, Table S1. With additional parameters
(the angle between the nodal line and the « axis) from the band
structure, we obtain fitted o7 curves that are in excellent agree-
ment with the experiment as well (S Appendix, section 2D and
Fig. S3). In Fig. 4 B-D, we plot the calculated band structure
near I;-Z and near X;-Y for momentum directions ki, and
ky (Kiine L k). The gray planes indicate constant Fermi energy
(Er). The side panels of Fig. 4D show the projected band struc-
ture along each direction, highlighting the extreme anisotropy
of nodal lines. Fig. 4 C and D show two different segments of
the same nodal line featuring near-linearly dispersing (near I;-Z)
and flat (near X;-Y) regions. Note in Fig. 4C that there is a small
tilt of the Dirac bands (38) that is not included in our nodal-line
model, Eq. 1.

An intuitive picture for the linear law of the optical con-
ductivity from extended Pauli blocking is presented in Fig. 4FE.
Orange and blue dotted lines in Fig. 4F indicate the calcu-
lated gap energies at different line lengths ko (from I1:-Z to
X1-Y). Schematics of the Dirac cones are overlaid on the cal-
culation to illustrate the band-filling level change along the line.
Green vertical arrows indicate the onset of interband transi-
tion controlled by Pauli blocking. With increasing photon energy
(w2>w1), longer segments of the nodal line (ko(w2)>ko(w1)) are
being activated as Pauli blocking expands over growing phase
space. The resulting o1 (w) grows linearly until the entire dis-
persive nodal line (Knaz) is activated (Ermaz~Fkmazv)|). For a
gapless nodal line, the linear power law of o;(w) extrapolates
to zero at w — 0 (Fig. 1C). This simple picture of the disper-
sive nodal line captures the gross features of the conductivity
data.

While the step in o is pinned to 2A; for the dispersive nodal-
line crossing Er (Figs. 1C and 4C), the step associated with
the energy-flat nodal line occurs at 2A2 + 2Ep, (Figs. 1B and
4D). The constant optical conductivity causing the finite inter-
cept is prominent in o} data and is nearly absent in of. The
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Fig. 3. (A) Anisotropic reflectance for the NbAs; (001) surface. A, Inset is a sc

Photon energy (meV)

hematic of a unit cell of NbAs;. (B) Optical conductivity from experiment (Left)

and DFT calculations (Right). Blue shaded regions highlight the low-energy part where the response is dominated by the massive Dirac bands. Green arrows

indicate positions of steps in o¢(w). Solid and dashed lines indicate the b-axis
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and a-axis response, respectively.
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Fig. 4. (A) Optical conductivity for E || b. Blue dotted lines are fitted o
curves with nodal-line structure parameters. Gray dashed and solid lines
denote contributions from the nodal lines near 1;-Z (C) and near X;-Y
(D), respectively. The linear increase of af(w) saturates at Epax~0.3 eV. A,
Inset shows the ratio o2/o¢ above the gap region. B displays the results of
band structure calculations along high-symmetry points near the nodal-line
regions. The 3D version of the band structure calculation is shown in C and
D. Green arrows illustrate onsets of interband transitions for dispersive (C)
and energy-flat (D) segments of the nodal line. (E) The energy dispersion of
the gapped nodal line displayed as a function of the line length kg, calcu-
lated by using DFT. Dirac-cone schematics indicate different fillings of the
Dirac bands along the line. The gray dotted line is the Fermi energy E¢. Ver-
tical arrows show different onsets of interband transition, and horizontal
arrows are the effective line length.

latter behavior is not surprising since the nodal line is nearly par-
allel to the a axis (SI Appendix, section 2D). According to Eq.
2, the anisotropy of the conductivity should also be frequency-
independent above the gap energy [o/o{~(vy/v,)?], in agree-
ment with the experiment (Fig. 4 A, Inset). The anisotropy of
optical conductivities is therefore consistent not only with the
existence of both flat and dispersive nodal lines in NbAs, but
also with the suppression of conductivity along the nodal line. We
emphasize that the large optical anisotropy is directly associated
with open-ended nodal lines in NbAs,, and the flat o}/o{ spec-
tral response (Fig. 4 A, Inset) is distinct from other anisotropic
systems (39, 40).

Having established the zero-field signatures of nodal-line
fermions, we set out to explore the properties of these
anisotropic Dirac quasiparticles through magneto-optics. The
electromagnetic signature of massive Dirac systems is the LLs
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dispersing from the gap energy 2A (26), which go through a
linear to /B cross-over with increasing B-field. In contrast,
parabolic bands yield a scaling of LLs that is linear in B (31).
These two distinct trends allow one to identify the Dirac dis-
persion perpendicular to the nodal lines. Unpolarized light was
used for magneto-reflectance measurement up to 17.5 T at the
National High Magnetic Field Laboratory (Fig. 54). A series
of peaks (labeled 0-3) hardened with increasing B field, and a
weaker feature was evident at lower energy (~85 meV).

Noticing a remarkable similarity of the higher step energy in
Fig. 44 (~120 meV) and peak energies in Fig. 54 (>120 meV at
3 T), we attributed the peaks in R(B)/R(0 T) to the interband LL
transitions across the gapped Dirac bands. We also performed
polarized magneto-reflectance measurements using an in-house
8-T apparatus (Fig. 5 B and C), enabling better signal-to-noise
at low magnetic fields (41) (SI Appendix, Fig. S7). In Fig. 5B, we
plot the derivative contour dR/dB, which emphasizes the peaks
in R(B)/R(0 T) as a zero derivative (white) region bounded by
positive (red) and negative (blue) derivative. The derivative plot
is extremely sensitive to weak features in R(B)/R(0 T) and has
been successfully used to investigate the subtle but important
features in topological insulator surface states (19).

We obtained dR/dB contours for both E || b and E || a polari-
zations, and they showed similar features associated with peaks
above the gap 2A,. The features related to the smaller gap 2A,
were only present for E || b, but were completely suppressed for
E || a. Interestingly, while o was smaller than o? (Fig. 3B), the
amplitude of the R(B)/R(0 T) was larger for E || a than for E || b
(SI Appendix, Fig. S7). Furthermore, the dR/dB plot for E|| b
polarization (Fig. 5B) shows prominent structure (gray dashed
lines) intercepting the frequency axis at ~95 meV, in between
the two gap energies (2A; and 2A,). This finite intercept at B —
0 T is anomalous, and the exact nature of these resonances is
a subject of future studies. An intriguing possibility pertains to
the predicted topological surface states (42—-44), with anisotropic
behavior from DFT calculation (SI Appendix, Fig. S8).

Besides uncovering subtle magneto-optics features, the deriva-
tive plot dR/dB directly visualizes the v/B scaling of LL transi-
tions in NbAs,. For massive Dirac nodal lines, we have derived
the following LL spectrum (SI Appendix, section 3):

E+, =4+/2eh|n|Buivz cos(¢) + A2, [3]

where n is the LL index and ¢ is the angle between local nodal-
line direction and magnetic field. A is the half-gap that charac-
terizes the mass of the Dirac fermions (26) m., . =A/vZ, .,
and the =+ selects the conduction/valence band LLs. The dipole
selection rules (26, 30, 31) for interband LL transitions are

dln|= \n|' — |n| = £1. The transition energy is therefore:

Er = 1\/2eh|n| BV + A2 4\ /2eh(|n| + 1)BV? + A2, [4]

where the effective velocity 7 = \/v1 v2 cos(¢).

In Fig. 5 B and C, green dashed lines are fitted interband
LL transitions using Eq. 4 with 7=2.53eV-A4 and a gap 2A; =
114 meV. The effective velocity is very close to the theoretical
estimate (2.3 eV-A) obtained from the same asymptotic veloc-
ities v1, v2 we used to model o1 (w) (SI Appendix, sections 2D
and 3). Green dots are peak energies extracted from Fig. 54,
showing excellent agreement for v/ B-spaced interband LL tran-
sition across 2A, in both unpolarized and polarized data. The
nonlinearly spaced LLs can be easily identified at fixed B, as
higher-order LLs are closer-spaced in energy, in stark con-
trast to the behavior of systems with parabolic bands. The
Dirac mass (26) m®5, = As/v,vp = 0.068 m,, is ~4 times smaller
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Fig. 5.

(A) Magneto-reflectance spectra normalized by zero-field reflectance,

showing a series of LL transitions systematically changing with increasing B.

We also observe only a weakly field-dependent mode at ~85 meV. (B) Derivative contour (dR/dB) for E || b. The energies of peaks extracted from A are
displayed as green dots. Gray dashed lines indicate the subtle in-gap states. (C) dR/dB for E || a and peak energies extracted from A. Green dashed lines in B
and C are fits using Eq. 4 with v~ 2.53 eV - A and 2A; = 114 meV. C, Inset shows gapped Dirac bands and the LL dispersion with magnetic field B. Arrows

indicate allowed interband LL transitions across the gap.

compared with parabolic carriers (0.24-0.29 m.) (33, 34). This
much smaller mass implies that the high mobility carriers in
NbAss; are likely to originate from massive Dirac fermions in the
nodal lines.

The extracted gap energy (2A2~114 meV) from fitting the LL
dispersion is very close to the higher step energy in the zero-field
data (2A2+2FEr2~120 meV), indicating that the gapped cones
are only weakly doped (Er <5 meV). This low doping level in
the massive nodal lines (near X;-Y) most certainly gives rise to
a huge magneto-infrared response (SI Appendix, Fig. S7), since
it can be easily driven into the extreme quantum limit when only
the Oth LL is occupied. In contrast, the heavy trivial bands with
large carrier density remain in the classical regime at the highest
attainable field (17.5 T) (33, 34).

We now discuss the implication of massive Dirac nodal lines
for the unusual magneto-resistance (MR) properties of NbAss.
Giant MR {[p(B) — p(0)]/p(0) > 10° %} in nonmagnetic NbAs
has been observed (33-35, 45) and explained as a cooperation
of perfect electron-hole compensation and high-mobility carri-
ers. These two effects are expected to produce a ~B? increase
of MR. However, high-field MR measurements clearly deviate
from the B? dependence starting at ~10 T and linearly increase
with B without saturation (34). Such a large (> 10° %), nonsatu-
rating behavior displaying a cross-over from (nearly) quadratic to
linear scaling calls for interpretations beyond electron-hole com-
pensation. We believe that the lightly doped Dirac nodal lines
established here are crucial to understand the unusual MR in
NbAso, as we will elucidate below.

The quantum linear MR (46, 47) reads as p..=N;B/mn’e,
where N; is the scattering center concentration and n is the
carrier density. Both the minority massive Dirac fermions in
the quantum limit and the majority carriers in the classical
two-band model can give rise to large MR. However, a slight
deviation from perfect electron-hole compensation, which exists
in NbAs,, will cause the ~B? rise of MR to saturate at a field-
independent value (48), contrary to experiment (34). The exis-
tence of massive Dirac fermions may account for these dis-
crepancies. At high field where the classical MR saturates, the
quantum linear MR from Dirac fermions overwhelms other con-
tributions, and hence the scaling law changes from quadratic to
linear (47).

1172 | www.pnas.org/cgi/doi/10.1073/pnas.1809631115

In summary, we discovered dispersive Dirac nodal lines in
NbAss and derived expressions for anisotropic response func-
tions for a general case of dispersive nodal lines. Our results
not only shed light on the interpretation of the exotic MR
in this family of materials, but also pave the way for identi-
fying new NLSMs using optical/magneto-optical spectroscopy.
NbAs; therefore constitutes a concrete platform to explore var-
ious predictions for nodal-line fermions, including large spin
Hall effect (49) and Floquet Weyl points (50-52). We remark
that the energy-dispersive nodal line is a common aspect of
the electronic structure in many solid-state systems, includ-
ing: transition metal dipnictides (NbAsz), ZrSiS (17), and even
intermetallic superconductor MgB, (T. = 39 K) (53, 54). The
nodal-line band structure therefore governs rich physical phe-
nomena registered through the analysis of the optical conduc-
tivity, LL transitions, MR along with nontrivial superconducting
properties. Therefore, our experimental inquiry into the dis-
persive nodal lines has implications for a wide range of phe-
nomena that are in the vanguard of current quantum materials
research.

Materials and Methods

Millimeter-sized single crystals of NbAs, were grown using a chemical vapor
transport method. The as-grown NbAs; single crystals have a prismatic
rod shape along the b-direction with shiny and well-defined facets. The
single crystal X-ray diffraction on these crystals is shown in S/ Appendix,
Fig. S1. Temperature-dependent infrared reflectance measurements were
done using a Fourier-transform infrared spectrometer with standard gold-
overfilling technique. High-field (17.5 T) magneto-optical measurements
were done in the National High Magnetic Field Laboratory. Polarized low-
field magneto-optical measurements were performed using an in-house
apparatus (8 T) enabling higher signal-to-noise. Band structure and opti-
cal conductivity calculations were carried out based on DFT with the Vienna
Abinitio Simulation Package; see S/ Appendix, section 5 for details.
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