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Lorentz-Boost-Driven Magneto-Optics in a Dirac Nodal-Line

Semimetal
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and Milan Orlita*

Optical response of crystalline solids is to a large extent driven by excitations
that promote electrons among individual bands. This allows one to apply
optical and magneto-optical methods to determine experimentally the energy
band gap —a fundamental property crucial to our understanding of any

1. Introduction

Ever since the advent o f graphene and topo-
logical materials, relativistic physics has be-
come an integral part of condensed-matter

solid—with a great precision. Here it is shown that such conventional
methods, applied with great success to many materials in the past, do not
work in topological Dirac semimetals with a dispersive nodal line. There, the
optically deduced band gap depends on how the magnetic field is oriented
with respect to the crystal axes. Such highly unusual behavior is explained in
terms of band-gap renormalization driven by Lorentz boosts which results
from the Lorentz-covariant form of the Dirac Hamiltonian relevant for the

nodal line at low energies.

sciences.'*l While emergent, it is impor-
tant to stress that this type of relativity is
pertinent beyond the dispersion of the low-
energy excitations in different solids. Klein
tunneling*® and the chiral anomaly!’-1#
represent well-known examples. One of the
salient aspects of relativity is the particular
dependence of energy on the frame of ref-
erence: for a particle of mass m moving at
a speed u lower than the speed of light c,
a Lorentz boost to the comoving frame of
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Figure 1. a) Hyperbolic dispersion of massive Dirac electrons with an additional tilt: E(k) = —Auk, + V/ AZ + h2v2k2. b) BZ of NbAs, with selected high-
symmetry points. The blue curved lines show approximate positions of two nodal lines.[?] The crossings with the Fermi level are marked by green and
red full circles, the arrows indicate local nodal-line directions. c) Schematic view of the nodal line dispersion along the direction of propagation in a half
of the BZ, highlighted using yellow color in panel (b). The band gaps at the crossing points with the Fermi energy are 2Ap and 2A¢, for the dispersive
and (approximately) flat parts of the nodal line, respectively. d) Infrared reflectivity and the extracted optical conductivity, measured on (001)-oriented

facet of NbAs,, using light polarized along the a and b axes.

reference changes the particle’s energy from E to E/y = mc?, in

terms of the Lorentz factor y = 1/4/1 — p? and the rapidity g =
u/c. A natural question that one may now ask is the following:
can one observe this relativistic renormalization equally in topo-
logical materials governed by the Dirac Hamiltonian or a variant
of it, upon the replacement of ¢ by a characteristic velocity v?

While the effects of Lorentz covariance have been theoretically
studied, namely in the framework of systems with tilted conical
bands, both in 2D[*>"*] and 3DI'#-2%] an experimental verification
is yet lacking. The key finding of this paper is that Lorentz boosts
have important experimental consequences in Dirac materials.
Most notably and unexpectedly, we find that the optical band gap
extracted from magneto-optical measurements in the dispersive
nodal-line Dirac semimetal niobium diarsenide (NbAs,) depends
on the orientation of the explored crystal. As we show below, this
orientation defines a particular Lorentz boost, by fixing the an-
gle between the applied magnetic field and the direction of the
spectroscopically relevant part of the nodal line.

To appreciate the link between magnetic-field and Lorentz
boosts in tilted cones, let us first consider a 2D conical band, char-
acterized by a gap 2A and an asymptotic velocity v, which is tilted
by an additional velocity parameter u (in Figure 1a, u|| x). Such
a system is described by the following variant of a 2D massive
Dirac Hamiltonian

hv(k, — ik,)

ho(k, + ik,) -A @

Hyp=hu-k1+
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In an out-of-plane magnetic field, that is, with B applied perpen-
dicular to the x—y plane, and thus also to u, the tilt can be formally
viewed as a drift velocity of electrons in the crossed magnetic and
effective electric fields, & = uB. The drift is in the direction per-
pendicular to both the tilt and the magnetic field.

In this specific case, the problem of the electron motion in a
tilted cone becomes mathematically equivalent to the dynamics
of a relativistic charge carrier in the crossed electric and magnetic
fields.[161921] This motion is therefore governed by fully Lorentz-
covariant Dirac and Maxwell equations. This covariant formula-
tion, and thus the use of Lorentz transformations, allows us to
calculate the energy spectrum in a reference frame where the (ef-
fective) electric field vanishes, meaning u = 0.'%17:21] A similar
relativistic-like approach has been invoked in the past, in order to
understand behavior of narrow-gap semiconductors!?>- in real
crossed electric and magnetic fields.

The impact of the tilt u—or in the sense of reasoning above,
the impact of the Lorentz boost—on the Landau quantization is
profound.l’®] We obtain the Landau level (LL) spectrum that is
typical of 2D massive Dirac electrons, but whose energy band gap
and velocity parameter are renormalized by the Lorentz factor,

y=1/4/1-u?/1?

E, = +V/(A/7)? +2eBni?Jy3, n=0,1,2... (2)

For large tilts, u > v, the spectrum collapses and marks a transi-
tion between regimes referred to as magnetic and electric.'*?] In

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

the semi-classical picture, this crossover corresponds to a transi-
tion from closed toward open cyclotron orbits in type-I and type-II
conical bands (Figure 1a).

2. Optical and Magneto-Optical Response of
NbAs,

Let us now discuss how a Lorentz boost allows us to understand
the magneto-optical response of NbAs, which is a nearly com-
pensated 3D nodal-line semimetal®’] with a monoclinic crystal
lattice and the space group C2/m.[?®] Theory and experimental
studies performed so far26?7] indicate the existence of two nodal
lines in this material. Following a strict definition, these are 1D
objects (curves) in momentum space, k;,,., along which the gap
vanishes. Nevertheless, due to spin-orbit interaction, the gap does
not close completely in NDbAs,. Instead, it only reaches a local
minimum, similar to all other materials which are in current lit-
erature referred to as nodal-line or nodal-loop semimetals.[2°-31]
In NbAs,, the nodal lines are open (periodically penetrating the
Brillouin zone boundaries), they propagate approximately along
the a crystallographic axis, and they are located symmetrically
with respect to the I'-Y-Z mirror plane (Figure 1b).

The low-energy electronic excitations around the nodal line
can be described using a model for 2D massive Dirac electrons
in the plane perpendicular to the local nodal-line direction 7 (left
panel of Figure 1a). The corresponding velocity parameter v and
the spin-orbit gap 2A vary smoothly along the line. Essentially
for this work, the nodal lines in NbAs, disperse with momen-
tum and each approaches the Fermi energy four times within the
Brillouin zone (Figure 1b,c). The crossings come in pairs of two
different types. One of them is associated with a dispersive and
the other one with a flat part.[**) They are located atkp andkj ,
respectively, and characterized by the local directions 7, and
(Figure 1b,c).

In the absence of a magnetic field, the case we examine first,
the optical response of NbAs, at low photon energies comprises
direct signatures of nodal lines.[?*3233] Two steps are clearly vis-
ible at the onset of interband absorption in the optical conduc-
tivity (bottom panel of Figure 1d). They correspond to the local
band gaps: 2A, = (88 + 2) meV and 2A; = (113 + 2) meV, at
the dispersive and flat parts, respectively. Above this onset, the
optical conductivity increases linearly in . While such behav-
ior resembles systems with 3D conical bands,[**¢l in NbAs,, it
is due to the occupation effect (Pauli-blocking) along the disper-
sive part of the nodal line.[263237:38] The anisotropy of the optical
response (Figure 1d) reflects the orientation of the nodal lines,
implying significantly higher Drude-type and interband absorp-
tion strength for the radiation polarized along the b-axis which is
approximately perpendicular to 7.2%! Strong anisotropy, implying
notably elongated Fermi surfaces, was also observed in magneto-
transport experiments.[3339-41]

To explore the magneto-optical response, we have identified a
number of crystallographic facets on several NbAs, monocrys-
tals using the standard X-ray technique.[** Then, a series of in-
frared reflectivity measurements have been carried out, using
non-polarized radiation and the Faraday configuration. The mag-
netic field was applied perpendicular to chosen crystallographic
planes. In this way, we probed electrons undergoing cyclotron
motion in crystallographic planes with various orientations with
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respect to the local nodal-line directions 7, and ;.. To keep the
geometry as simple as possible, we selected facets with a zero
middle index (n 0 m). Thus the vector B always lied in the mirror
plane of the NbAs, crystals and formed identical angles 6 and 6,
with the local directions, 7 and rp,, of the two mirror-symmetric
nodal lines at the flat and dispersive parts, respectively, where the
Fermi level is crossed.

The relative magneto-reflectivity of NbAs,, R;/R,, measured
with B applied perpendicular to the (101), (201), (100), (201) and
(001) crystallographic planes, is presented in Figure 2a—e in a
form of false-color plots. For illustration, we also append two
stack-plots of selected reflectivity spectra collected on the (201)
and (001) facets in Figure 2f,g, respectively. Data measured on
other facets are shown in Supporting Information.**! The ob-
served response contains a series of well-defined resonances with
a weakly sublinear dependence on B that can be directly associ-
ated with interband inter-Landau-level (inter-LL) excitations. The
observed response—in position, spacing, and relative/absolute
intensity of inter-LL transitions—strongly varies with the ex-
plored facet. Across the board, this response includes two char-
acteristic sets of interband inter-LL excitations: i) the upper set,
with transitions that always extrapolate to the energy of 2A in the
zero-field limit and are thus clearly associated with the flat cross-
ing of the nodal line and ii) the lower set of transitions that extrap-
olate, depending on the particular facet, to the energy equal to, or
lower than 2A,, (see B = 0 extrapolations using yellow dashed
lines in Figure 2). For some facets, only one of these two sets is
clearly manifested in the data.

This observation—an orientation-dependent gap—is the main
finding of our work and it ventures beyond the common knowl-
edge in LL spectroscopy of solids.[*?] In conventional materials,
the slope d(fiw)/dB, and the spacing of inter-LL excitations may
depend on the orientation of the crystal with respect to the mag-
netic field, as well as on the experimental configuration (e.g.,
Faraday vs Voigt). Nevertheless, the apparent band gap obtained
from the zero-field extrapolation of interband inter-LL excitations
is widely used as an unambiguous estimate of the separation be-
tween electronic bands. Quite unexpectedly, such an apparently
evident approach fails in our case here.

3. Theoretical Model

To show that this orientation-dependent gap is a signature of the
relativistic properties in the present material, let us consider the
following minimal Hamiltonian for a dispersive nodal line

A hv(q, — ig,)

H=mwaind + lnyg, +ig)  —a

©)

where the wave vector q = (q,, 4;, iine) = k — kyy,e is defined with
respect to any point k;;,,. on the nodal line. The velocity parameter
w describes the slope of the dispersing nodal line. In the plane
(4.» 4,) perpendicular to the local direction 7, the Hamiltonian
(3) becomes that of a 2D massive Dirac electron, with the gap 2A
and the asymptotic velocity v. In contrast, when the bands are
cut in a plane that is not perpendicular to 7, the corresponding
dispersion shows the tilt described by the Hamiltonian (1) and
schematically shown in Figure la.

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 2. a—e

False color-plots of relative magneto-reflectivity of NbAs,, Rg/Ry, in the magnetic field applied along five different reciprocal space

directions: (107), (207), (100), (207), and (001), which make angles 62°, 51°, 29°, 7°, and 90° with the a-axis, respectively. The yellow and red values
indicate the apparent optical band gaps, 2AeDfr and 2A(, deduced using a linear zero-field extrapolation of inter-LL resonances belonging to the lower and
upper set, respectively (dashed lines). f,g) Stack-plots of relative magneto-reflectivity spectra, Rg/R,, for selected values of the magnetic field collected
on the (207) and (001) facets, respectively. The yellow and red dots show Rg/R, maxima belonging to transitions in the lower and upper set, respectively.
The horizontal and vertical gray bars show positions of the two steps in the onset of interband absorption at 2Ay and 2A at B =0 (Figure 1d).

Adv. Sci. 2022, 2105720

2105720 (4 of 8)

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

When a magnetic field is applied, making an angle 6 with
the local direction , it is the conventional Lorentz force and the
particular profile of the dispersion which govern the motion of
electrons in the plane perpendicular to B. Thus, for non-zero
angles 6, we study the magneto-optical response of electrons
in tilted anisotropic conical bands, for details see Supporting
Information.33! The corresponding LL spectrum then gets the
Lorentz-boost-renormalized form of Equation (2), amended by
the dispersive term Awq;/cos 6, where g is the wave vector along
the applied magnetic field. The rapidity determining the Lorentz
factor is calculated as the ratio of the tilt and asymptotic velocities,
wsin § and vcos 6, respectively, so that f = (w/v)tan 6.1**] Hence,
depending on the orientation of the magnetic field with respect
to the nodal line, we expect a pseudo-relativistic decrease of the
band gap and the velocity parameter

2A g vycosf
4

20 = 2A°%F = and v - 1° 7 (4)
in terms of the effective Lorentz factor

1
y=— (5)

\/1- W—;tanze
V-

For angles exceeding the critical value of tan ~!(v/w), the quan-
tization into LLs is expected to collapse in a way analogous to
overtilted 3D conical bands.[') Compared to 2D Dirac systems,
Equation (5) clearly shows that the Lorentz factor y is now tun-
able by the angle 6. This allows us to continuously monitor, using
the angle 0, the band gap renormalization until the extinction of
discrete LLs (see Figure 2).

4. Data Analysis and Discussion

To analyze our experimental data quantitatively in view of the
above theoretical picture, we focus on the lowest observed line
in both sets and assign it to the inter-LL excitation 0<1. Even
though the pseudo-relativistic renormalization may profoundly
alter the selection rules,['7:3*] this transition is theoretically**! ex-
pected to remain strong for any f < 1 and its energy reads

ho,., = AT + \/ (AST)2 + 2enB(vefl)? (6)

This expression, as well as Equations (4) and (5) are valid for both
optically active parts of the nodal line. In the flat part around kf.
we have w =0, that is, y = 1, so that one does not expect any facet
dependence of the associated optical gap. In contrast, one expects
a facet-dependent pseudo-relativistic decrease of the optical gap
associated with the dispersive part around k) .

These expectations are indeed corroborated by our magneto-
optical measurements. In our data analysis, we associate the max-
imain Rp/R, spectra with positions of inter-LL excitations, a solid
assumption in the vicinity of the plasma edge (cf. Figure 1d and
ref. [33]). The effective values of the band gap and velocity param-
eter derived for all explored facets are presented in Figure 3a—
d. The response of the flat part matches perfectly the expecta-
tions for a Landau-quantized 2D massive Dirac system. The ef-
fective band gap 2A%T = (113 + 2) meV stays constant within the
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experimental error (Figure 3a). The variation of the effective ve-
locity (Figure 3b) with the facet reflects the geometrical factor,
Ve = vp/cos O, where v, = (6.3 +0.3) X 10° m s7!, due to mu-
tual orientation of B and 7. This allows us to deduce the local di-
rection of the flat part. The best agreement has been found for
in the mirror a—c plane, (0 + 2)°, but inclined by (— 23 + 2)° from
the (a-b) plane, in perfect agreement with conclusions reached
by Shao et al.?®! Notably, for some explored facets, the angle 6
approaches 90° and the upper set of inter-LL excitations can no
longer be distinguished in the magneto-reflectivity data (see, e.g.,
Figure 2a,b).

In contrast, the effective gap 2A¢" deduced for the dispersive
part spreads over an interval greater than 10 meV (Figure 3c). To
compare this behavior with our Lorentz-boost-induced gap renor-
malization (Equation(4)), we have minimized the difference be-
tween the theoretical exceptions and experimental values of the
effective gap and velocity, deduced for all facets, by varying pa-
rameters Ap, vy, w as well as the local direction 7p,. A very good
agreement was obtained (dashed lines in Figure 3c,d) for the fol-
lowing parameters: v, = (5.3 + 0.5) X 10° m s7%, w = (1.5 + 0.5)
x 10° m s71, 2A = (89 + 2) meV, and the local direction 7, that
deviates by (25 + 10)° from the mirror (a—) plane and by (- 5 +
2)° from the a-b plane. These parameters agree well with the pre-
vious estimates given by Shao et al.!?] Slightly larger values were
found for w and the angle of 7, with respect to the a—c plane. Im-
portantly, the angle 6, reaches larger values for certain explored
facets, thus implying a rapidity that exceeds unity. In such cases,
the lower set of inter-LL excitations disappears entirely from the
magneto-optical response, suggesting the complete collapse of
the LL spectrum. This happens for the data collected on the (001)-
oriented facet (0, ~ 85°) presented in Figure 2d, and also the
(203)-oriented facet (8, ~ 64°), see Supporting Information.!*]

In addition to the Lorentz-boost renormalization of the spec-
trum, our model for the dispersive nodal line implies a depar-
ture from the conventional electric-dipole selection rules, n — n
+ 1, which are generally valid for all isotropic systems.[*?] To il-
lustrate this, we have numerically evaluated the matrix elements
for electric-dipole interband excitations between different pairs of
LLs (n = 0...6) and visualized them graphically in Figure 3e. We
have chosen two particular angles, 6, = 61° and 28°, which cor-
respond to the magnetic field oriented perpendicular to the (101)
and (201) planes, respectively. For small angles 6, the magneto-
optical response is dominated by n — n + 1 transitions, although
other excitations emerge as well (e.g., n — n + 2). In contrast, for
larger angles 0, one finds a plethora of optical transitions. The
dominant ones follow the rule-of-thumb selection rules n — an
and n — n/a, where a is an integer (a = 4 — 6 in the left panel
of Figure 3e), in agreement with preceding works on tilted 3D
cones.['1%] This result may be understood in a broader context
of materials which do not have a full rotational symmetry along
the direction of the applied magnetic field and in which inter-LL
excitations beyond the basic selection rules n — n + 1 become
electric-dipole active.[*344]

As seen in Figure 3e, the lowest energy transitions 1«0 stay
strong as long as f < 1 and were used to deduce the effective pa-
rameters 2A%" and vE. These parameters may now, in turn, be
used to identify excitations between LLs with higher indices and
thus get experimental insights into the selection rules. To this
end, we compare in Figure 3f the experimental data collected with

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 3. Effective band gap and velocity parameter obtained by a fit of the massive-Dirac model to the lowest inter-LL transition in sets belonging to
the flat and dispersive crossings with the Fermi energy: (a,b) and (c,d), respectively. e) Absolute values of matrix elements (the darker color, the stronger
the transition) for electric-dipole inter-LL interband excitations (for LLs n = 0...6 in both conduction and valence bands) calculated for 2Ap = 89 meV,
v =53%x10°ms™!, w=15x10° ms~', and for two different angles § = 61° and 28° between 7 and B. These two angles correspond to the
configuration with B perpendicular to the crystallographic planes (101) and (207), respectively, for which the experimental Rg /R, traces are plotted in (f)
in a form of false-color plots. The dotted lines show selected inter-LL excitations from the dispersive part of the nodal line, assumed to be electric-dipole
active based on the matrix elements presented in (e). We use the same color-framing/coding in (e) and (f) to facilitate the identification of individual
transitions. For instance, the lowest (red-dotted) line in (f) corresponds to the 01 transitions. The gray dashed lines show the expected transitions in
the flat part (selection rules n — n + 1, for vg = 6.3 X 10° m s™' and A¢ = 113 meV).

cept for the lowest one, 0<>1. In both cases, the gray dashed lines
show the expected response of the flat part of the nodal line that
follow the standard n — n + 1 selection rules and no additional

B perpendicular to the (101) and (201) crystallographic planes,
with the expected positions of selected interband inter-LL excita-
tions (dotted lines) calculated using the corresponding effective

gap and velocity parameters. To facilitate the comparison, we use
the color-framing/coding introduced in Figure 3e. In line with
our expectations, we identify n > n + 1 and n - n + 2 excita-
tions in the response on the (201)-oriented facet which implies
a relatively small angle 6, (Figure 3f, right). In contrast, when
the magnetic field is applied perpendicularly to the (101) crys-
tallographic plane (Figure 3f left), we identify transitions with a
greater change of the LL index, such as 1 - 4 or 1 — 3, and no
line following the standard n — n + 1 selection rule is found, ex-
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excitations emerge, unlike in the dispersive part.

5. Conclusions

We have found that the optical band gap of the nodal-line
semimetal NbAs, measured via magneto-optical spectroscopy
depends on the facet explored in the experiment. This observa-
tion is understood as a consequence of the pseudo-relativistic
renormalization of the band gap within a Lorentz boost
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determined by the slope of the dispersive nodal line. The slope
defines, together with the direction of the applied magnetic field,
the tilt of the conical dispersion of a massive 2D Dirac electron in
the plane perpendicular to the applied magnetic field. Our find-
ings show that the emergent relativistic description of topological
quantum materials in terms of Dirac Hamiltonians, or its vari-
ants, as well as the use of Lorentz transformations can be pushed
surprisingly far. The observed Lorentz-boost-driven renormaliza-
tion can be also viewed as an analogue of the well-known Franz—
Keldysh effect in the magnetic field,?*] nevertheless, in our
case, with no real electric field applied.

6. Experimental Section

Sample Growth and Characterization: NbAs, single crystals explored
in this work were grown using a chemical vapor transport method. The as-
grown crystals usually had several facets with different crystallographic ori-
entations with shiny surfaces suitable for infrared reflectivity experiments.
Individual facets were identified using conventional X-ray technique, us-
ing a diffractometer equipped with Cu X-ray tube, channel-cut germanium
monochromator, and scintillation detector.

Optical Spectroscopy at B = 0: To deduce the optical conductivity of
NbAs, in Figure 1d, the reflectivity on the (001)-oriented facet was mea-
sured using radiation polarized linearly along the a and b crystallographic
axes. To this end, the Vertex 70v FTIR spectrometer was used, equipped
with custom-built in situ gold-evaporation technique. At high photon en-
ergies, the phase was fixed by ellipsometry. Then, the standard Kramers—
Kronig analysis was employed to obtain the frequency-dependent complex
optical conductivity.

Infrared Magneto-Spectroscopy: The magneto-reflectivity of NbAs, was
explored in the Faraday configuration, with B applied perpendicular to the
chosen crystallographic plane. During experiments, a macroscopic area
of the sample (typically a few mm?), placed in a superconducting coil and
kept at T = 4.2 K in the helium exchange gas, was exposed to radiation
of a Globar, which was analyzed by the Vertex 80v FTIR spectrometer and
delivered to the sample via light-pipe optics. The reflected light was de-
tected by a liquid-helium-cooled bolometer placed outside the magnet.
The reflectivity Rg recorded at a given magnetic field B was normalized by
Rg - - In addition, a base-line correction was performed to compensate
for variation of the absolute signal intensity over time. To this end, rel-
ative magneto-transmission spectra, Rg/R,, were normalized to unity in
the spectral range away around hw = 400 meV or above (away from the
range of interest). The reflectivity spectra on each facet were collected us-
ing the 6B = 0.25 T steps. To create false-color plots of Rg/R, spectra in
Figures 2a—e and 3f, non linear interpolation was used. Instead, the spec-
trum collected at the magnetic field of B was plotted in the interval of B
+ 6B/2. To facilitate the data analysis, it was assumed that the maxima in
relative magneto-reflectivity, Rg/Ry, directly correspond to the positions
of inter-LL resonances. This was justified when the imaginary part of the
dielectric function exceeded the absolute value of the real part—a con-
dition fulfilled at photon energies around and slightly above the plasma
edge (Figure 1d). A more detailed analysis indicated that, in this way, the
positions of resonances at lower/higher part of the explored range were
slightly overestimated/underestimated.
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