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Unraveling nodal-line semimetallic phase in SrIrO; by terahertz quasiparticle dynamics
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We demonstrate a rare nonsymmorphic crystalline symmetry-protected nodal-line semimetallic phase in
SrIrO5 by acquiring a spatial dependence of the terahertz spectral structure. An extremely low momentum-

relaxation scattering rate of ~8.32 cm™!

emerging from high-mobility Dirac electrons, diversity in the carrier

dynamics controlled by the orientation and symmetry of epitaxial thin films, and a group theory analysis
corroborate the formation of this phase. The presence of Dirac electrons only along selected crystal orientations
of this three-dimensional semimetal uniquely interrelates the symmetry-enforced band crossings, a template that
can explore the prevalence of this superior topological phase in complex systems.
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I. INTRODUCTION

Anticipation, experimental verification, and understanding
the properties of topologically nontrivial electronic phases
have renewed enormous scientific interest in emergent quan-
tum materials. Recent advances in this area are attributed
to the realization of high-energy particles and their unique
response to external perturbations [1-4]. In Dirac and Weyl
semimetals, the momentous difference in low-energy quasi-
particle excitations with conventional Schrodinger fermions
is the source of ultrahigh carrier mobility and related ex-
traordinary physical properties [5,6]. Unconventional band
dispersion, as for Dirac nodes, arises at a point in the
Brillouin zone with the simultaneous presence of time-
reversal (7') and inversion (P) symmetries. Breaking either
of these symmetries splits the fourfold Dirac point into a
pair of twofold Weyl points [7]. In the presence of spin-orbit
coupling (SOC), however, additional crystalline symmetries
are required against the band-gap opening [8]. This is exem-
plified in Na3Bi (Cd;As;) where the Dirac point is protected
by uniaxial rotation symmetry C; (Cy) [9]. A Dirac-type band
dispersion can also occur along the line in the Brillouin zone
resulting in a superior topological formation known as the
nodal-line semimetal (NLSM) phase. This is stabilizes with
PT and mirror symmetries in the absence of SOC, while it re-
quires a nonsymmorphic symmetry such as glide plane/screw
rotation in the presence of SOC [10,11]. Collective theoretical
and computation research efforts have successfully envisioned
several materials with the NLSM phase. However, experimen-
tal demonstrations of this phase are not prevalent, and in fact,
rare in complex oxides. Appropriate experimental tools and
structural forms of the materials are the limiting factors for
the observation of this novel quantum phase.

The 5d transition metal oxides with sizable SOC un-
der the synergistic influence of electron correlations are a
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promising class of materials to host topological semimetallic
phases [12—16]. Iridium oxides, a popular class of perovskites,
AlIrO3 (A = Sr, Ca) in particular, are predicted to exhibit a
very elusive NLSM phase [13,16]. However, an experimental
demonstration of this novel topological phase formation is
yet to be made. Tight-binding and density functional the-
ory calculations predicted the Dirac NLSM phase in SrlrO3
driven by the Jei = 1/2 states crossing in the U-R-X plane.
This band crossing is stabilized by the intricate interplay of
electron correlations and SOC, and protected by nonsym-
morphic crystalline symmetries [13,16—19]. In general, the
signature of a Dirac phase usual manifests in (i) giant and neg-
ative linear magnetoresistance, and the planar Hall effect via
magnetotransport measurements [5,6,20], (ii) linear frequency
dependence and flat bands in optical conductivity [21,22], and
(iii) linear electronic bands in angle-resolved photoemission
spectroscopy (ARPES) data, etc. [23]. While the ARPES data
revealed the presence of a Dirac-like dispersion in SrIrO; [24],
however, this technique could not demonstrate the NLSM
phase. Thus, in the search for different strategies to unravel
the presence of this phase, we combine terahertz (THz) time-
domain spectroscopy (TDS) along the selective crystal-axis
and an elaborate group theory analysis to unravel the NLSM
in the complex oxide SrIrOs. These investigations were car-
ried out on StlrO3; /NdGaOs; (001) and SrIrO3;/NdGaO; (110)
epitaxial thin films of thickness ~65 nm; two differently
orthorhombic distorted phases allow probing the crystal sym-
metries conforming to the NLSM phase.

II. RESULTS AND DISCUSSIONS
A. THz time-domain spectroscopy results

Figure 1 shows THz real conductivity and other parameters
derived from the fitting to this optical conductivity with the
Drude model and its modified version for a SrIrO; /NdGaOj3
(001) thin film along the two in-plane orthogonal crystal-
lographic directions [100] and [010] [25,26]. The crystal
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FIG. 1. THz optical properties of a SrlrO;/NdGaO; (001) thin
film and evidence of Dirac fermions. (a) Temperature-dependent
THz conductivity along the [100] (solid circle) and [010] (semisolid
triangle) directions. (b) Room-temperature THz conductivity with
Drude+Drude-Smith model and Drude-Smith model fittings for the
[100] (solid line) and [010] (dotted line) directions, respectively.
The scattering rate of Dirac electrons (I')%’) and the Drude spectral
weight as a function of temperature are presented in (c) and (d). The
temperature dielectric constant for the [100] and [010] directions,
and the scattering rate of holes is given in the insets of (c) and (d),
respectively. Here, the optical parameters are denoted as X [X is
the optical parameter, z is the direction ([100] or [010]), and y is
the charge carrier type: “De” stands for Dirac electrons and “hole”
for holes].

structure of the thin film is estimated to be the monoclinic
P12;/nl or P2,/bl11 space group from the reciprocal space
mapping results and Glazer notations [see Supplemental Ma-
terial (SM) [27]]. The real and imaginary conductivities
along the [100] and [010] directions are labeled as 01100 and
019, and 010 and 0%, respectively. The o/ and o,®
(Fig. S5 [27]) exhibit a unique feature which segregates the
conductivity into two different spectral regimes: (i) below 0.4
THz, a sharp increase in THz real conductivity, and (ii) above
0.4 THz, a broad Lorentzian shape of real conductivity [the di-
electric constant will be related in the inset of Fig. 1(c)]. These
signatures in /% and 0% persist down to 5 K. Frequency-
dependent conductivity gradually diminishes upon decreasing
the temperature, which is consistent with dc electrical re-
sistivity (Figs. S4 and S7 [27]). The conductivity dynamics
(0% and 0'%) along two directions are discernibly different
as shown in Fig. 1(a). The former shows a sharp rise below
0.4 THz, while the latter remains flat and nearly frequency
independent as shown in Fig. 1(a) [0'* and o{'° (Fig. S5
[27])]. The electronic structure of SrlrO3; contains a Dirac-like
feature along with a hole band at the Fermi level [21]. There-
fore, the optical conductivities 0/ and 0% were evaluated
in the framework of a two-band model (Drude+Drude-Smith

model), and the featureless 01010 and 02010 were modeled only

in a single-band picture (Drude-Smith model) (see SM [27]).
Here, we have assigned the Drude model for Dirac electrons
and the Drude-Smith model for hole carriers.

The Drude mode (narrow) is confined to the low THz
regime while the broad Drude-Smith mode extends to high
frequencies along the [100] direction [Fig. 1(b)]. Thus the
obtained scattering rate (momentum relaxing) for a narrow
Drude mode ('} = 1/7,, where De stands for the Dirac
electron) is 0.25 THz (8.32 cm™!) at 300 K, which is ex-
tremely low compared to that of conventional metals (more
than 10 THz). As per the mobility (4 = et /m), such a slow re-
laxation is possible either in heavy fermions or high-mobility
electron systems. However, the heavy-fermion behavior is
clearly discarded in SrlIrOj; as it is predicted to be a topological
semimetal. Despite the average value of the carrier effective
mass in SrIrOs, a high mobility up to ~1000 cm?> V~!s~!
was reported and this mobility greatly depends on the thin-
film quality [28,29]. In addition, a large mobility up to
~60000 cm?> V= s~! was reported in its sister compound
CalrO; [18]. Hence, the low scattering rate of the narrow
Drude mode can be attributed to the intraband excitations
of the high-mobility Dirac electrons. Furthermore, the T2
dependence of I'}%, as shown in Fig. 1(c), corroborates the
Fermi-liquid-like behavior of Dirac electrons in the [100]
direction. However, it is not unique to topological materials.
The room-temperature I'}20 corresponds to a relaxation time
of 7)% = 1/Q2ncl'}) = 0.63 ps. Therefore, the upper and

lower boundaries of the momentum relaxation length (I}%° =

v X Tpe) are 0.32 um and 76.3 nm for vy = 5.0 x 10° m/s
and 1.2 x 10° m/s, respectively [30]. The /)% increases as
large as 0.36 um and 86 nm at 5 K, respectively. Generally,
for a semimetal with dispersion E ~ |k|*, the temperature-
dependent Drude weight is defined as w) ~ T*!/2 [31]. In
the present case, the Drude spectral weight calculated using
Eq. (1) given below follows T2 dependence. Here, z = 1
indicates a linear dispersion of bands that contributes to the
narrow Drude mode. The vanishing of spectral weight towards
low temperatures indicates a strong temperature dependence
of the chemical potential with a semimetallic nature, whereas
this feature is constant for conventional metals [32]. The opti-
cal features as elaborated above are similar to those of a Dirac
semimetal, which suggests SrlrO; to be a Dirac liquid,

2

oo T 5
SWorude = /O ol(w)dw = 7 ey

where Z is the impedance of free space.

The scattering rate obtained for the hole band (Fﬁgﬁ:) in the
[100] direction is given in Fig. 1(d). The I'}% increases at low
temperature, which suggests a semiconducting behavior and is
exemplified by dc resistivity (Fig. S4 [27]). However, the scat-
tering rate (I'210) of a single hole band in the [010] direction
increases linearly with increasing temperature. Overall, these
optical conductivity results confirm the presence of Dirac
electrons in the [100] direction while the same is absent in
the [010] direction. Now the following question arises: Is the
Dirac feature confined only to the a axis? To answer this,
we performed in-plane angle-dependent THz spectroscopy
measurements on a SrlrO3;/NdGaOs; (001) thin film. The

angle-dependent conductivity (o) and dielectric constant (&)
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FIG. 2. Unidirectional confinement of Dirac electrons in the in
plane of a SrIrO;/NdGaO; (001) thin film. (a) shows a schematic of
the angle-dependent THz optical properties of the SrlrO;/NdGaO;
(001) thin film at room temperature. (b) and (c) represent the con-
ductivity (o) and dielectric constant (g;) at 45°, 135°, and 225°,
respectively.

in the ab plane [in plane of a NdGaOs (001) substrate] at 45°,
135°, and 225° are plotted in Fig. 2. These data reveal that a
sharp rise in o/ % at low frequencies followed by high negative
values of 81100 as observed previously at 0° (along the a axis
of the NdGaO; substrate) disappears at 45°, 135°, and 225°.
This confirms that the Dirac-like feature is absent along all
other directions in the ab plane except along the a axis.

To further corroborate the presence of the Dirac NLSM
phase in SrIrO;3, we have performed the same set of measure-
ments on a SrlrO3/NdGaO; (110) thin film with monoclinic
P112;/m crystal symmetry. Room-temperature o°! (03!
shown in Fig. S6 [27]) along the [001] direction is shown
in Fig. 3(a). A striking feature is an optical excitationlike
mode superimposed on a broad Drude-Smith-type conductiv-
ity spectrum. The low-frequency dielectric dispersion [inset of
Fig. 3(c)] suggests an optical excitation mode. The complex
conductivity (o/'° [Fig. 3(b)] and 0}'° (shown in Fig. S6
[27])) along the [110] direction follows a similar trend as in
the [001] direction except for a dominant negative imaginary
conductivity due to a broad Drude-Smith mode contribution.
These features of 01001 and 01“0 (Fig. S6 [27]) are consistent
down to 5 K, except for a slight change in spectral weight.
A close observation indicates a slight increase in 01001 up to
150 K, which decreases towards low temperatures. This is
consistent with the metal-insulator transition in dc electrical
resistivity (Figs. S4 and S7 [27]). The temperature-dependent
conductivity dynamics in the [110] direction also exhibit a
trend similar to that along the [001] direction. This complex
conductivity was modeled using the Lorentz+Drude-Smith
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FIG. 3. Gapped topological phase in a SrlrO;/NdGaO; (110)
thin film. (a) and (b) Room-temperature THz conductivity along
the two orthogonal in-plane directions (001) and (110) with
Lorentz+Drude-Smith model fittings, respectively. The optical pa-
rameters of the Lorentz mode (w)’,,, and Tgo)) as a function of
temperature in the (001) direction are given in (c) and (d). The
dielectric dispersion and scattering rate (I'0L) of holes in the (001)

direction are given in the insets of (c) and (d), respectively.

model [25,33] (see SM [27]) to obtain insights into the con-
ductivity dynamics.

An optical energy gap (A%!) of ~0.19 THz (6.33 cm™')
was observed at 5 K in the [001] direction. This gap shows
a subtle decrease as the temperature increases. The wg(llgap
shows a minimum of 26.59 THz at 5 K and it increases
drastically with increasing temperature, and finally saturates
at 300 K. This emphasizes the role of thermally excited
carriers contributing to the Lorentz mode due to a low-energy
gap (A%!) which is well below the room-temperature thermal
energy (~25 meV). The linewidth of the Lorentz mode (I'g) )
increases linearly with temperature, suggesting a thermal
broadening of the mode. A I‘Sglle of the hole band, however, ex-
hibits a quadratic temperature dependence. This sign of 'L
is consistent with the expected behavior of a Fermi liquid. The
1%, 121 and the dc transport along [100] and [001] also
confirm that the dc electrical resistivity is mainly dominated
by the hole band. Further, the obtained optical parameters
along the [110] direction follow a trend similar to that along
[001], except for a slight change in the magnitude. The A'~10
is ~0.22 THz (7.33 cm™!) at 5 K, which is slightly higher than

A% (633 cm™!).

B. Group theory analysis and discussions

Thus the presented experimental results and their interpre-
tations were corroborated by elaborate group theory analysis
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as follows. Consider a spin-1/2 SrlrO3 system with Pbnm
space group and time-reversal symmetry (7') in the presence
of SOC. We focus on the k;, = 7w plane which is invariant
under the n-glide plane (G,) operation. The eigenvalues of
the n-glide plane ny = Zie’®+%)/2 gerve as good quantum
numbers to represent the Bloch states on the entire k, = 7
plane. The composite symmetry ® is defined as P T (P
is inversion symmetry). ®> = —1 ensures a twofold degen-
eracy of the Kramers pair in the entire momentum space.
At the U point (0, r, ), the Bloch states are invariant un-
der the twofold screw S, (eigenvalues are ay) operation, in
addition to G,. Thus there exist two complete sets of eigen-
states at the U point |ny, a4 ), |n4,a-), Olny, ay), Olng, a_)
and |n_,a.),|n_,a_),®ln_,a.),BV|n_,a_) under the b-
glide operation (Gjp). As the bands evolve from the time-
reversal invariant momentum U point to any point on the
R-S line, the anticommutation relation {G,,, G} = 0 maps the
ny state into the n_ state. This enforces the band crossing
somewhere between the U point to any point on the R-S line.
The band crossing is symmetry protected with the doubly
degenerate bands with both opposite G, and S, eigenvalues.
Similarly, the symmetry-enforced band crossing exists along
the path from the U point to any point on the X-S line under
the anticommutation {G,, S,} = 0. This suggests the presence
of a symmetry-protected fourfold Dirac nodal ring on the
ky = m plane with the U point as the center in SrlrO; [11,19]
(detailed calculations are given in the SM [27]).

In the following section, we discuss the nodal line upon
breaking the selective spatial symmetries. The Pbnm space
group is broken down into three different subgroups with T
preserved: (I) P12,/n1, (II) P2;/b11, and (IIT) P112,/m. By
symmetry analysis, we find the nodal line in these cases to be
(I) preserved, (II) gapped except at isolated Dirac points, and
(1) fully gapped.

Case (I): Dirac nodal-line semimetallic phase, P12;/nl.
This space group is generated by P and G,,. The S, and G, are
no longer symmetry operations, hence, the fourfold crossing
on the k, = m plane is lifted. Therefore, the nodal line is no
longer enforced by symmetry. Nevertheless, the nodal-line
crossing persists because, as discussed above, it is a crossing
between the bands with opposite n-glide eigenvalues which
remains a good quantum number in the lower-symmetry
phase. The hybridization between these bands is forbidden
without breaking the n-glide symmetry (Fig. 4).

Case (II): Dirac nodal point semimetallic phase, P2,/b11.
This space group is generated by P and S,. As G, is broken,
the nodal line is generally gapped unless it is protected by
residual symmetries. There are two such conditions: the cross-
ing on the U-R line whose momentum is invariant under S,
and on the U-X line that is left invariant by G, = S,P. The
Bloch states along the U-R line can be labeled simultaneously
by their G, and S, eigenvalues due to the commutation re-
lation [G,,, S,] = 0. Moreover, the Kramers partners have the
same G, and S, eigenvalues. At point U (R), the operation
G, relates the states with the same (opposite) G, eigenvalue
but opposite (same) S, eigenvalue. This enforces the pair
switching between doubly degenerate bands with opposite G,
and S, eigenvalues in the symmetry-unbroken phase along
the U-R line. As a result, the band crossing perseveres due
to the inherited S, eigenvalues in the lower-symmetry state.

k. SrIrO;
7 T
uJ R
v
B = K,
X S
ky :
Nodal-line: Pbnm/ P12,/nl
; )
N 5 ey,
SR G,
\\‘b Qg C/:
1A

£

Dirac point: P2,/bl1 Gapped phase: P112,/m+SOC

FIG. 4. Topological phase transition of the nodal line upon crys-
tal symmetry breaking in SrlrO;. Schematic diagram of the Brillouin
zone of the orthorhombic SrlrO; unit cell with a nodal ring at the U
point, and a Dirac point node and gapped phase upon breaking the
selective crystal symmetry.

The crossing along the U-X line, in contrast, is not protected
by G. This is because the Kramers partners have opposite G,
eigenvalues with b, = %1. Thus the doubly degenerate band
crossing can in general hybridize. In this phase, therefore,
the nodal line turns into two isolated point nodes along the
U-R line (Fig. 4). A similar result was observed for the su-
perlattice structure of Sr,IrRhOg where breaking the c-axis
mirror symmetry inherently removes the n-glide symmetry
and preserves only the b-glide plane. This lifts the nodal-line
degeneracy except at the point nodes along the U-R line
[17]. This is consistent with the observed high-mobility Dirac
electrons in a SrlrO3 /NdGaO; (001) thin film. We corroborate
the electronic ground state of the SrIrO3;/NdGaO3 (001) thin
film as a Dirac point node based on THz optical and x-ray
diffraction results (see SM [27]). This is also consistent with
a previous report on low-symmetry SrIrO; thin films [34].
Case (III): Gapped phase, P112;/m. This space group is
generated by P and the mirror operation M.. As with the
previous case, as G, is broken, the nodal line is generally
gapped with possible exceptions under residual symmetries.
Those are the crossing on the U-R line invariant under M.,
and on the U-X line invariant under a twofold screw ro-
tation operation S, = M P. The symmetry M, is unable to
protect the crossing on the U-R line: In the Pbnm phase,
since M. = {1| — 1, 0, 1}S,G,, the pair of states |nya,) and
[n_a_), and |nia_) and |n_a, ) have the same M, eigenvalue.
The band crossing enforced by symmetry is between the dou-
bly degenerate bands with opposite G, and S, eigenvalues,
and the same M, eigenvalue. In this lower-symmetry phase,
though the eigenvalues ny and a. are no longer defined, the
M. eigenvalues remain well defined and unchanged. As the
crossing between the same M, eigenvalue states, the bands
are allowed to hybridize and anticross. Further, the crossing
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along the U-X line is no longer protected. This is due to
the opposite S, eigenvalues of Kramers partners. As a result,
the nodal line is completely gapped in this low-symmetry
phase (Fig. 4). This is consistent with the observed optical
gap for the SrIrO3/NdGaO; (110) thin film. We corroborate
the electronic ground state of the SrIrO3;/NdGaO; (110) thin
film as a gapped phase based on THz optical (Fig. 3) and x-ray
diffraction results (see SM [27]). This is consistent with the
energy gap of ~5 meV in the Dirac node for the same crystal
symmetry of SrlrO; as predicted by density functional theory
calculations [34].

The THz conductivity dynamics reveal the Dirac point
node phase of SrIrO3; /NdGaOs3 (001) and the gapped phase of
SrIrO3;/NdGaOj3 (110) thin films. The two-band contribution
in the optical conductivity is consistent with the observation
of multiple narrow bands in ARPES studies [24]. The finite in-
traband conductivity originating from linear bands and a small
optical gap (~2A + 2EF) from the above results indicate the
Dirac band crossing is below and close to the Fermi level.
The spatial- and angle-dependent THz data along all crys-
tallographic axes reveal that the Dirac electrons are confined
to the real-space a-c plane (i.e., [100] and [001] directions).
To summarize, the optical response of thin films as corrobo-
rated by group theory analysis suggests a fourfold degenerate
Dirac nodal line in StIrO3; (Pbnm space group) with Jegr = 1/2
states. Also, highly anisotropic THz conductivity dynamics
and Drude weights confirm the anisotropic nature of the Fermi

surface in SrIrO;. This study further suggests that the nonsym-
morphic crystalline symmetry-protected nodal-line phase in
SrIrO; is sensitive to epitaxial strain, and exhibits a topolog-
ical phase transition to a Dirac point and gapped phase upon
breaking selective symmetries in the thin-film form.

II1. SUMMARY

Thus the demonstrated experimental framework unveils the
NLSM phase and its complete topological phase transition in
complex oxide SrIrO;. Without THz spectroscopy, the ob-
servation of a Dirac electron gas in SrIrO;3 is challenging
due to an extremely low momentum-relaxation scattering rate
(~400 GHz) and the dominant magnitude of the hole-band
conductivity. Further, the observation of an optical gap and
evidence of the presence of Dirac electrons along the selected
crystal orientations help in understanding the symmetry-
enforced band crossings in topological materials. To sum
up, THz quasiparticle dynamics unravel a much anticipated
NLSM phase in SrIrOs3. This will hopefully inspire a different
direction of investigations in topological semimetals.
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