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Unveiling Three Types of Fermions in a Nodal Ring Topological Semimetal
through Magneto-Optical Transitions
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We investigate the quasiparticles of a single nodal ring semimetal SrAs; through axis-resolved magneto-
optical measurements. We observe three types of Landau levels scaling as € ~ /B, € ~ B/3, and & ~ B that
correspond to Dirac, semi-Dirac, and classical fermions, respectively. Through theoretical analysis, we
identify the distinct origins of these three types of fermions present within the nodal ring. In particular,
semi-Dirac fermions—a novel type of fermion that can give rise to a range of unique quantum phenomena
—emerge from the end points of the nodal ring where the energy band disperses linearly along one
direction and quadratically along the perpendicular direction, a feature not achievable in nodal point or line
structures. The capacity of the nodal ring to simultaneously host multiple fermion types, including semi-
Dirac fermions, establishes it as a valuable platform to expand the understanding of topological semimetals.
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Topological semimetals represent a class of materials
characterized by conduction and valence bands that cross
near the Fermi level. These band crossings, protected by
symmetry, result in the formation of nodal points or nodal
lines that host exotic quasiparticles, such as Dirac and Weyl
fermions. These quasiparticles exhibit novel quantum
phenomena, including the chiral anomaly, anomalous
Hall effect, and axion electrodynamics [1-3].

Nodal rings are a special form of band-crossing struc-
ture. A nodal ring can exhibit, due to its closed and curved
geometry, unique quantum phenomena such as Berry flux
encirclement, weak antilocalization, and drumhead surface
states [4—7]. In particular, a nodal ring can harbor a novel
type of fermion, termed the semi-Dirac fermion [8], which
acts as Dirac fermions along one direction and classical
fermions along the perpendicular direction. This hybrid
property of semi-Dirac fermions leads to a range of novel
quantum phenomena including exotic non-Fermi liquid
states [9], unconventional superconductivity [10], and
unusual hydrodynamic transport [11]. However, despite
these significant theoretical insights, experimental inves-
tigations of nodal ring semimetals are limited compared to
those of nodal point and nodal line semimetals.
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For probing fermions within topological semimetals,
magneto-infrared spectroscopy has proven to be an effec-
tive approach. When subjected to a magnetic field, Dirac
fermions governed by the linear energy dispersion exhibit
Landau levels (LLs) that scale as & ~ \/E in contrast to

Classical
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FIG. 1. Schematic diagrams of magneto-optical measurements
on asingle nodal ring. A magnetic field is applied parallel to k, and
k. 1in (a) and (b), respectively. Incident light is polarized along k, or
k.. (c) Energy dispersions within the three guiding planes I, II, and
I shown in (a) and (b), which are linear (I), quadratic (III), and
linear + quadratic (II). In (IT), the energy bands are cut to illustrate
the linear + quadratic dispersions clearly. The blue and red lines
represent the LLs with distinct energy spacings, €, ~ v/nB for
Dirac, €, ~ [(n + )B]*/3 for semi-Dirac, and ¢, ~ (n + 1)B for
classical fermions, respectively, where 7 is the LL index.
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classical fermions with parabolic energy dispersion which
display the standard e ~ B scaling. Notably, semi-Dirac
fermions are predicted to manifest a new type of LL
scaling, & ~ B*3 due to the hybrid of linear and parabolic
energy dispersions [12,13]. The LL scaling can be deter-
mined experimentally through the inter-LL optical tran-
sitions. While numerous LL transition measurements have
been conducted on topological semimetals [14-22], those
revealing the signature of semi-Dirac fermions remain
sparse [22]. Therefore, the investigations of LL transitions
and their corresponding LLs scaling behaviors are critical
for unveiling the fermions emerging from a nodal ring.

In this Letter, we perform magneto-infrared measure-
ments on SrAs;. SrAs; is a recently identified nodal ring
semimetal possessing two key features that make it
particularly well suited for optical studies [4,5,23,24].
First, SrAs; features only a single nodal ring within the
Brillouin zone (BZ), and second, its low-energy optical
transitions arise solely from nontrivial bands, without
interference from topologically trivial bands [5,24,25].
The single nodal ring structure of SrAs; enables controlled
alignment of the magnetic field B and the electric field E of
incident light along specific directions, such as parallel or
perpendicular to the nodal ring axis. This capability allows
direction-resolved measurements of LL transitions, thus
facilitating a comprehensive investigation of the fermions
inherent in the nodal ring.

We reveal that LLs with the novel &~ B%? scaling
emerge in SrAss;, demonstrating the presence of semi-Dirac
fermions in the nodal ring. Additionally, we observe two
other LLs scaling as € ~ B'/? and ¢ ~ B, arising from Dirac
and classical fermions, respectively. We perform a theo-
retical analysis of the LLs and identify the origins of the
three types of fermions. The coexistence of these three
types of fermions represents a unique property of the nodal
ring, distinguishing it from nodal point or line structures.

Single crystals of SrAs; were grown using the Bridgman
method and their structural, transport, and electron band
properties were extensively characterized [4]. The optical
reflectivity of SrAs; was measured at zero magnetic field,
and the corresponding optical transitions were theoretically
analyzed in Ref. [26]. The magneto-optical measurements
were performed under Voigt geometry at 7 =4.2 K.
Broadband reflectances R(B) were taken from B = 0 up
to 17.45 T over the far- and midinfrared ranges (7—
400 meV) using a Fourier transform spectrometer and a
bolometric detector.

Figure 1 illustrates the schematic configuration of
magneto-optical measurements on a single nodal ring,
including the directions of the magnetic field and light
polarization. In Fig. 1(a), a magnetic field is applied along

B||k, which is parallel to the nodal ring plane. Incident light
propagates along the k, direction with the electric field E

polarized along E||k, or E ||I}z In Fig. 1(b), the magnetic
field is applied perpendicular to the nodal ring plane, B||IAcZ.

These combinations of B and E yield four kinds
of measurement modes, (B,E)|(k,.k,). (k,.k,), (k,.k,),
and (k.. k). Further details of the optical measurements are
described in Fig. S1 of Supplemental Material (SM), Sec. I
[27]. In Figs. 1(a) and 1(b), we introduce three guiding
planes I, 11, and III that cross the nodal ring to visualize the
energy band dispersions within them. These dispersions are
linear (I), quadratic (III), and linear along one direction
while quadratic along the perpendicular direction (II), as
shown in Fig. 1(c). These three types of band structures are
derived from a model Hamiltonian of the nodal ring, which
will be described later in the theory section.

Figure 2 shows the results of optical reflectance mea-
surements for the two (B,E) modes with E|k,, i.e,

(B.E)||(k,.k.), and (k..k,) In the normalized reflectance
R(B)/R(B =0), multiple LL transitions emerge and
evolve as B is applied (see SM, Sec. I). To enhance the
visibility of the LL transitions, we plot the derivative of the

normalized reflectance in Fig. 2. In the (B.E)|(k,.k,)
mode, two classes of LL transitions, labeled as peaks A and
B, are observed. In peak A (orange), LL transitions evolve
within the 40-120 meV ranges as B is increased. In
contrast, the LL transitions of peak B (black) appear at
significantly lower energy ranges, indicating distinct ori-

gins of peaks A and B. For the (B, E)||(k..k,) mode, two
classes of LL transitions, peak C and peak dCES, where
dCES represents the disconnected constant energy surface
as will be described later, are observed. The LL transitions
of peak C (golden) decrease as B increases, contrary to
peaks A and B. The LL transitions of peak dCES (blue)
emerge at relatively lower energy ranges below 40 meV.

To elucidate the origins of the four classes of LL
transitions, peaks A-C and peak dCES, we perform a
theoretical analysis of the magneto-optical transitions of
SrAs;. SrAs; is characterized by an elliptical nodal ring
formed around the Y point in the BZ. Optical transitions
near the Fermi energy are confined to this nodal ring,
enabling the derivation of magneto-optical conductivity
using an effective Hamiltonian [26] as

H = fo0050 + f10150 + hv k0550 + Asocosss, (1)

where  fo = ag + a,k} + a kk, + aki +a k2 and
f1=bo+ bk + byyk.ky + byk; + b k3. The orbital
and spin degrees of freedom are represented by Pauli
matrices ¢ and s, respectively. The nodal ring is located
where k, = 0 and f| = 0, with its axis aligned along the k,
direction. The first term describes the energy tilt that shifts
the energy of the nodal ring by f,, and the last term
accounts for SOC (spin-orbit coupling) opening an energy
gap of 2Agqc, respectively. Further details of Eq. (1) are
described in SM, Sec. II [27].

To develop a qualitative understanding of the LL
transitions, we first consider a simplified form of
Eq. (1), neglecting the effects of tilt, SOC, and ellipticity:
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FIG. 2. Experimental magneto-optical transition peaks measured in the (a) (B, E)||(k,.k,) mode and (b) (B.E)||(k,.k,) mode. The
derivative of reflectance ratio |(d/dB)[R(B)/R(B = 0)]| was employed in the 2D color plot to enhance visibility. The solid lines
represent the regions exhibiting characteristic LL transition peaks corresponding to peaks A—C and peak dCES, while the corresponding
dashed lines in between represent dips rather than peaks. The LL indices involved in the optical transitions are labeled, as shown in SM,
Fig. S8(a) for peak A, Fig. S8(b) for peak B, and Fig. S4(a) for peak C [27]. For peak A, several LL transitions are involved for each
peak, and we assigned representative LL indices, as shown in Fig. S14. The LL-transition peaks were extracted from
(d/dB)[R(B)/R(B = 0)], except for peak C, which was extracted from the maximum of [R(B)/R(B = 0)] due to the monotonic
increase in reflectivity level with magnetic field, as explained in detail in SM, Sec. I. As a result, the solid lines of peak C show some

deviations from the white region in Fig. 2(b).

2
H = ;l—m (k% + k% - k%)Ul + hl)zkzdz, (2)

where the scale of momentum and energy are set to the
nodal ring radius k, and g, = A2k3/2m, respectively.

First, when the magnetic field is oriented perpendicular
to the nodal ring axis, B||k, as shown in Fig. 1(a), LLs form
in the 2D transverse momentum plane, with &, (parallel to
the field) remaining a good quantum number. The magneto-
optical conductivity sums contributions from all k, values,
capturing the distinct LLs of Dirac fermions and semi-
Dirac fermions depicted in Fig. I(c). At k, =0, the
Hamiltonian around zero energy is given by

H|, _o = hvydkyo, + hv k.o,, (3)

where 6k, = k, F ko and v, = fiky/m, describing (aniso-
tropic) Dirac fermions, whereas at k, = +k,

mK
Hlp —ipy ® S OL T hv k.05, (4)

describing semi-Dirac fermions. As the energy moves away
from zero, the constant energy surfaces of the two Dirac
bands located at k, = £k, expand and eventually merge.
At this point, the Dirac approximation is no longer
applicable. As k, shifts from zero, the energy range where
the Dirac approximation is valid [|Aw| < #*(k3 — k2)/2m]
narrows, leading toward the semi-Dirac regime. Note that
the curved geometry of the nodal ring plays a crucial role in

forming the semi-Dirac fermions, as further discussed in
the conclusion. When the tilt and SOC terms are intro-
duced, the tilt term modifies LLs without altering their
scaling behavior, while the SOC term induces a gap,
placing Dirac LL transitions above the SOC-induced
gap. Because of the tilt-induced energy shift, semi-Dirac
LL transitions remain visible even below the SOC gap. The
distinction allows for clear identification of the two LL
transitions, Dirac and semi-Dirac, in their respective energy
ranges. These effects of the tilt and SOC are confirmed by
numerical calculations (see SM, Sec. III) for the effective
Hamiltonian of SrAs;, including a magnetic field into
Eq. (1).

Second, when the magnetic field is applied parallel to the
nodal ring axis as shown in Fig. 1(b), the simplified
effective Hamiltonian in the k, = O plane is given by

h2
Hl o %%(k)zc + k5 = kg)o, (5)

which resembles those of classical electron and hole gases.
The LLs inherit the properties of the classical electron
(hole) gas, starting from their origin —¢ (&) and increasing
(decreasing) linearly with the magnetic field. Thus, the LL
transitions start from 2¢, the energy separation of the two
gases at their origins, and decrease linearly as the LLs shift
with B. As k, deviates from zero, the second term in Eq. (2)
generates a gap of 2Av_k, between the two gases, resulting
in reduced contributions in the low-energy range of interest.
The tilt term modifies the effective masses of the electron
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FIG. 3. Theoretical magneto-optical transition peaks calculated in the (a) (B, E)||(k,,k.) mode and (b) (B,E)||(k.,k.) mode. The
derivative |(d/dw)[o(B)/o(B = 0)]| was employed in the 2D color plot to enhance visibility. For numerical calculations, we used the
broadening term 7 = 3 meV except for iw < 60 meV in (a) where we used the reduced # = 1 meV to identify the LL transitions of
peak B beyond those experimentally measured. The color intensity was adjusted in the 30-60 meV range and < 30 meV range by

multiplying the initial values by 0.2 and 0.01, respectively.

and hole gases, respectively while preserving the linear
scaling of the LLs. The SOC term introduces a gap between
the two gases, while its effect on the LL transitions is
negligible as they occur far above this gap. Notably, the
electron and hole pockets split into smaller pockets since
the tilt term deforms their constant energy surfaces (CESs)
into distinct ellipses, creating crossing points. In addition,
the SOC term disconnects the deformed CESs around the
crossing points. The disconnected CESs lead to a class of
LL transitions peak dCES. See SM, Sec. IV-1 [27].
Figure 3 shows the magneto-optical conductivity
obtained from the theoretical calculations for the effective
Hamiltonian of SrAs;, including a magnetic field into
Eq. (1). The LL transitions of peaks A and B are observed

in the (B, E)|(k,.k,) mode, whereas those of peak C and

peak dCES appear in the (B.E)||(k,.k,) mode, with the
respective energy ranges also in agreement with the
experimental results. Based on this agreement, we extract
the LLs responsible for the four classes of LL transition
peaks, considering the effects of the tilt and SOC terms.
Figure 4 presents the relationship between the extracted
LL energies and magnetic field strength, using a logarith-
mic plot to highlight their scaling behaviors, in both the
experimental and numerical data. In Figs. 4(a) and 4(b),
with the magnetic field applied perpendicular to the nodal
ring axis, B||k,, the LL energies exhibit the slope of 1/2
(extracted from peak A) and 2/3 (peak B), corresponding
to Dirac and semi-Dirac fermions, respectively. In Fig. 4(c),
with the field applied parallel to the nodal ring axis, Bk,
the LLs exhibit the slope of 1 (peak C) aligning with
classical fermions. The experimental and numerical results
consistently demonstrate that the LLs represent the three
types of fermions, Dirac, semi-Dirac, and classical

fermions. The LLs extracted from peak dCES deviate from
the simple scaling behaviors due to complex band dis-
persions of the disconnected electron and hole pocket. The
derivation of LLs from the LL transition peaks is described
in SM, Sec. IV [27].

To this point, we focused on the results of the two (B, E)
modes with E||k, polarization. For the other polarization
E ||I}X the LLs exhibit the same scaling behaviors as in

E ||I:tz, while the corresponding LL transitions are notably
weaker in the peaks’ intensities, especially for peak B and

(a) from Peak A (b) from Peak B (c) from Peak C
-17.
< 40}
E
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o
2 30}
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FIG. 4. Logarithmic plots of LL energies as a function of
magnetic field strength extracted from (a) peak A, (b) peak B, and
(c) peak C, with the respective LL indices indicated. Filled circles
and shaded lines represent experimental and theoretical results,
respectively. Dashed lines guide the slopes of (a) 1/2, (b) 2/3,
and (c) 1, corresponding to Dirac, semi-Dirac, and classical
fermions, respectively. The slight deviation from 1/2 for n = -3
in (a) arises from mixing between the Dirac and semi-Dirac
peaks, as explained in detail in SM, Sec. IV.
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peak C, since the corresponding effective velocity v,
diminishes. See SM, Sec. V [27]. These findings demon-
strate that an axis-resolved study is essential for a com-
prehensive understanding of the LL transitions of the
nodal ring.

To conclude, we identified the complete, direction-
resolved LL transitions of SrAs; through magneto-optical
measurements. The four kinds of (B,E) measurement
modes, enabled by the unique single nodal ring structure,
were critical in revealing them. The LL transitions eluci-
dated two key properties of the nodal ring: first, the nodal
ring hosts three distinct types of fermions simultaneously—
Dirac, semi-Dirac, and classical fermions—distinguishing
it from nodal point or line structures which typically exhibit
only one or two fermion types. See SM, Sec. VI [27]. Their
coexistence results from the unique geometry of the nodal
ring, which, as shown in Fig. 1, supports linear, linear +
quadratic, and quadratic energy dispersions within a single
structure. The three types of fermions are well separated
from each other in their excitation energies and/or in the
(B, E) configurations as demonstrated in Fig. 4, providing
an opportunity to experimentally probe and compare their
properties within the same material. Second, the curved
geometry of the nodal ring ensures the emergence of the
semi-Dirac fermions. When the momentum plane
perpendicular to the B field becomes tangent to the nodal
line (the plane II in Fig. 1), the linear dispersion along the
nodal-line direction vanishes, and the next-leading quad-
ratic dispersion becomes dominant. As a result, a semi-
Dirac dispersion appears with the quadratic dispersion
along the nodal-line direction and the linear dispersion
along the perpendicular direction. This mechanism can be
generalized to systems with a curved nodal line, for
example, ZrSiS, which was recently reported to exhibit
hw ~ B?/3 [22]. Here, semi-Dirac fermions arise at the
crossing point of the nodal lines, where the curved nodal
line is tangent to the momentum plane perpendicular to the
B field. In the case of SrAss;, which hosts a single nodal
ring, semi-Dirac fermions can be accessed for any ori-
entation of B, as long as B lies within the nodal ring plane,
facilitating experimental feasibility that is not achieved in
other nodal-line semimetals with a complex cagelike
structure. The semi-Dirac fermions bridge the gap between
Dirac and classical fermions, serving as an intermediary
state as demonstrated by their LL scaling power (2/3) lying
between 1/2 (Dirac) and 1 (classical). The ease of access to
semi-Dirac fermions provides a framework for experimen-
tally investigating diverse quantum properties beyond the
unique LL scaling behavior. Overall, our findings in SrAs;
establish that a nodal ring serves as a valuable platform for
advancing the understanding of topological semimetals.
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