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We investigated magnetotransport properties and charge dynamics of strain-free perovskite SrIrOs. Both the
longitudinal and transverse magnetoresistivity (MR) are significantly enhanced with decreasing temperature, in
accord with the evolution of the Dirac semimetallic state. The electron correlation effect in the Dirac state shows
up as a dramatic change in charge dynamics with temperature and as an enhanced paramagnetic susceptibility. We
propose that the field-induced topological transition of the Dirac node coupled to the enhanced paramagnetism

causes the unique MR of correlated Dirac electrons.
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Magnetoresistivity (MR) is one of the sensitive probes
of the electronic structure in a solid and also leads to a
potential application in magnetic memory and spintronics
devices. For these decades, giant negative MR in multilayer
magnetic materials and colossal negative MR in correlated
electron systems have been extensively explored for practical
applications [1,2], but it is only recently that positive MR
in nonmagnetic semiconductors or semimetals has received
renewed interest, along with rapidly growing research on topo-
logical semimetals [3—7]. Specifically, in three-dimensional
Dirac semimetals such as Cds;As,, it is found that the MR
is positive and nonsaturating up to a high magnetic field
region in the transverse geometry, i.e., the electric current
(I) perpendicular to the magnetic field B, but is negative
in the longitudinal geometry (B || I). Although the origin of
unusual MR is still under debate, it is proposed that the field-
induced topological transition of Dirac nodes, the impurity
scattering of Dirac electrons [8,9], or the emergence of an
axial current cause the unusual magnetotransport property
[4,10-12]. Besides these one-electron band semimetals, it
is argued that the Dirac or Weyl electrons can emerge in
strongly correlated electron systems. One remarkable feature
of correlated electron systems is that the electronic structure
can be strongly coupled to the ordering or collective fluctuation
of charge, spin, and orbital degrees of freedom. However, the
charge transport/dynamics inherent in correlated Dirac/Weyl
electrons remain almost unexplored experimentally, except for
a few recent studies [13-15].

The perovskite AIrOs; (A = Sr, Ca) provides a fertile
playground to study the correlated Dirac electron. Due to the
interplay between relativistic spin-orbit coupling and electron
correlation, the electronic state near the Fermi energy (Eg) is
mainly composed of a nearly half-filled j.g = % multiplet of
5d orbitals of the Ir** ion, leading to a semimetallic state with
a few electron and hole pockets [16—18]. Specifically, angle-
resolved photoemission spectroscopy (ARPES) on epitaxial
thin films has revealed an electron pocket with a Dirac-like
dispersion at (7/2,7/2) as well as two hole pockets with a
quadratic band dispersion at (;r,0) and (77,7) in the thin-film
sample [18]. Moreover, a theoretical study has predicted that
the topological transition into a Weyl (semi)metal, nodal
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semimetal, or gapped state can be induced by applying a
magnetic field along specific crystal orientations [19]. Such
topological transitions of correlated Dirac electrons would
manifest themselves as unusual magnetotransport properties,
yet the magnetoresistivity for epitaxial thin-film samples is
small and appears to be similar to that for conventional
metals [20-23]. Moreover, a recent simulation study argues
that the Dirac node is amenable to epitaxial strain and is
gapped out by lattice distortion, which breaks the original
orthorhombic crystal symmetry [24,25]. To overcome these
issues, in this Rapid Communication, we have explored
magnetotransport properties, magnetism, and charge dynamics
for a strain-free bulk sample of perovskite SrIrOs. Our results
show that both transverse and longitudinal magnetoresistivity
are dramatically enhanced with decreasing temperature. along
with the evolution of the Dirac semimetallic state, and reaches
as large as 100% and 50%, respectively, at 14 T and 2 K,
which is two or three orders of magnitude larger than those
observed in epitaxially strained thin films. We ascribe the
unusual magnetoresistivity to the field-induced topological
transition of the Dirac node.

Polycrystalline samples of SrIrO; were grown by a solid-
state reaction under 5 GPa and 1000 °C by using a cubic-
anvil-type facility [26]. High-pressure synthesis can provide
samples which are composed of densely packed, large-size
grains (1-10 pwm) and are hence particularly suitable for mag-
netotransport and optical reflectance measurements (see also
the Supplemental Material [27] ). Resistivity, specific heat, and
magnetization were measured by a physical (magnetization)
property measurement system (Quantum Design). We mea-
sured optical reflectivity spectra by using a Fourier transform
spectrometer (grating-type monochromator equipped with a
microscope) in a photon energy region of 0.008-0.7 eV (0.5—
5eV), respectively. The reflectivity spectra in the energy region
of 4-30 eV were measured at room temperature with the use
of synchrotron radiation at UV-SOR, Institute for Molecular
Science, Japan. The optical conductivity spectra were obtained
by a Kramers-Kronig (KK) analysis with suitable extrapolation
procedures.

Figures 1(a)-1(c) show the temperature dependence of
the resistivity (pxx), Hall coefficient (Ry), and Hall angle
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FIG. 1. Temperature dependence of (a) resistivity at 0 T (black)
and 14 T (blue and red), (b) Hall coefficient, and (c) |pyx/poxx| at
9 T, respectively. (d) Magnetoresistivity ratio defined by [px(B) —
Pxx(0)]/0x (0) at 2 K.

|oyx/ pxxl, Tespectively. Both px, and Ry monotonically de-
crease with lowering temperature and are nearly temperature
independent below 25 K. Simultaneously, | oyx/0xx| is mono-
tonically enhanced and reaches as large as 0.13 at 9 T and 20 K.
Therefore, it is likely that the charge transport is governed
by Dirac electrons rather than holes with a quadratic band
dispersion at low temperatures.

InFig. 1(a), we also show the resistivity at B = 14 T in both
transverse and longitudinal geometries. In both geometries,
the resistivity curves show an upturn and a clear MR is
discerned below 150 K, which is qualitatively consistent with
a previous study [26]. In Fig. 1(d), we show the MR ratio, i.e.,
Apsx = [pxx(B) — pxx(0)]/ pxx(0) at 2 K. The longitudinal MR
is B linear within the measured field range and exceeds 50%
at 14 T, whereas the transverse MR is more B quadratic and
reaches nearly 100% at 14 T. In general, the longitudinal MR is
attributed to the spin-dependent mechanism as represented by
the Zeeman splitting of bands (pZ,), whereas the transverse
MR involves a contribution from the cyclotron motion of
the electron (pg,) as well. Given that the Matthiessen law
is valid in the present case, pg, may be derived by subtracting
the longitudinal MR (= pZ,) from the transverse MR, i.e.,
Psx = P11 — PeB|1 [28]. Figure 2(a) shows the temperature
dependence of MR ratios (ApZ, and Apg,) at 14 T. With
decreasing temperature, Ap§, gradually increases below 150 K
and rapidly grows around ~50 K, whereas Ap?, increases
more moderately below 150 K. We note that ApZ, is nearly
comparable or even larger than Apg, in the entire temperature
range. This is distinct from the case of conventional Dirac
semimetals; therein, Apg, is much larger than ApZ, in similar
B and T regimes.

Figures 2(b) and 2(c) show the magnetic field dependence
of ApZ, and Ap;, at various temperatures, respectively. The
ApZ, is B linear at low temperatures, but tends to be more
quadratic at higher temperatures. Meanwhile, Ap;, appears
to be quadratic in the entire temperature range. To quantify
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FIG. 2. Temperature dependence of Ap; (blue) and Apg,
(green). Magnetic field dependence of (b) ApZ and (c) Apy,.
(d) The power law (8) of the magnetoresistivity. The solid and open
circles denote the 8 of ApZ, and Apy,, respectively.

the characteristic temperature, where the B dependence of
MR changes, we fit the MR ratio by the empirical formula
Apxx(B) = aB? with fitting parameters a and §. Figure 2(d)
displays the temperature dependence of §. Here, § of ApZ,
is nearly unity below ~70 K (= T*), but rapidly grows with
increasing temperature. Alternatively, § of Apg, remains at
about 1.7 at all analyzed temperatures.

To further look into the origin of the unique temperature
variation of magnetoresistivity, we explored the charge dynam-
ics by the optical conductivity spectra. Figure 3(a) shows the
optical conductivity spectra at 300 and 10 K. Both spectra
show two broad peak structures around 0.13 eV («) and
0.67 eV (B), respectively, except for the sharp peaks due to
optical phonon modes below 0.08 eV. As schematically shown
in the inset to Fig. 3(a), we have assigned these peaks as
the optical transition from an occupied jeg = % state to an

unoccupied jeg = % state, and that from an occupied jegr = %

state to an unoccupied jogr = % state, respectively. Similar peak
structures are observed in Sr3Ir,O7, SrIrOy4, and a thin film of
SrIrO3 [29,30], and are partly consistent with the prediction
by dynamical mean field theory albeit the absence of an o
peak in the theory [16]. Although the B peak appears to be
nearly temperature independent, the spectral shape of the o
peak at 300 K is significantly different from that at 10 K.
Figure 3(b) shows a magnified view of the optical conductivity
spectra in the low-energy region. Some phonon modes are
subject to the Fano resonance effect due to the overlapping
electronic continuum, yet no major change is discerned,
indicating that the structural symmetry remains intact in the
entire temperature regime. At 300 K, the optical conductivity
spectra are nearly flat below 0.1 eV, which is characteristic
of an incoherent metal state in a correlated electron system
[31]. With decreasing temperature, the spectral intensity of the
electronic continuum below 0.11 eV is dramatically reduced
down to as small as 130 Q7! cm~! at 10 K, apart from the tail
of the Drude response below 0.02 eV. Furthermore, one can see
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FIG. 3. (a) The optical conductivity spectra at 300 and 10 K. The
inset shows the schematic picture of the density of states for jegr = %
and jeg = % manifolds. (b) Magnified view of optical conductivity
spectra below 0.35 eV. The circles (black: 10 K; red: 300 K)
and dashed line denote the dc conductivity derived from resistivity
measurements and the expected Drude response, respectively. Note
that the sample for optical measurements is cut from a different
batch, which is used for magnetotransport measurements; resistivity
is nearly twice in the former. The inset denotes the schematic
picture for the interband transition in the Dirac cone. (c) Temperature
dependence of spectral intensity with cutoff energies of 0.11 and
0.3 eV. Negr(iw = 0.3 eV) is multiplied by 0.32.

an absorption edge around 0.06 eV with a quasilinearly rising
part above 0.09 eV and a notchlike structure at 0.13 eV. Such
spectral features are commonly observed in conventional Dirac
semimetals and are attributed to the threshold of the interband
transition of the Dirac cone [in the inset to Fig. 3(b)] and to the
van Hove singularity of the band structure [32,33]. Given that
the absorption edge is equal to twice the Fermi energy (EF),
namely, that the Dirac cone is nearly particle-hole symmetric
in the relevant energy scale [18], EF is estimated to be about
30 + 5 meV, which is smaller than the reported value for the
epitaxial thin film, or closer to the Dirac node. Furthermore,
by assuming a Fermi velocity vg = 1.2 x 10° m/s [18], the
density of the Dirac electron is estimated to be around
(7 £4) x 10" cm™3. Although this value is slightly smaller
than that derived by the Hall coefficient (3 x 10" cm™)
on the basis of a single carrier model, the overall spectral
feature suggests that the low-energy charge excitation is mostly
governed by the Dirac electrons, with the least contribution
coming from the possibly coexisting hole pocket(s). To further
quantify the temperature variation of the spectral weight below
0.1 eV, we have calculated the effective number of electrons
(Negr), defined as

2myV @e
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FIG. 4. (a) Temperature dependence of magnetization measured
at 0.1 T. The inset shows the magnetic field dependence of
magnetization at various temperatures. (b) 72 dependence of specific
heat (C) data divided by temperature (7).

Here, mg, V, and w, are the free-electron mass, cell volume,
and cutoff energy, respectively. Figure 3(c) shows the tem-
perature dependence of Ng(iw = 0.11 eV) and Neg(hiow =
0.3 eV). As the temperature decreases, Neg(fiw = 0.11 V)
monotonically decreases and is nearly temperature indepen-
dent below 70 K, which coincides with T* (crossover temper-
ature of MR). Since N g(icw = 0.3 eV)is nearly constant in the
whole temperature region, the exhausted spectral weight below
0.11 eV is nearly compensated by the rapid growth of the o
peak around 0.15 eV. Considering these results, it is anticipated
that a significant reconstruction of the electronic structure with
temperature mainly occurs in the occupied jeg = % state and

the jeg = % state located near Ef, while keeping intact the

unoccupied jeg = % state and the jeg = % state located far
from Eg.

Such a large change in the electronic structure may impact
the magnetism. Figure 4(a) displays the temperature depen-
dence of magnetization measured at 0.1 T. As the temperature
decreases from 350 K, the magnetization gradually increases,
shows a plateau between 250 and 200 K, and then steeply
increases at lower temperatures. There is no clear indication
of a magnetic phase transition above 2 K and the magnetization
field curve is linear as a function of the magnetic field except
at 2 K, as shown in the inset to Fig. 4(a). To quantify the
paramagnetic susceptibility, we fitted the inverse magnetic
susceptibility (x~") below 240 K by the Curie-Weiss law,
defined as [A/(T — 6w) + xp + xal~'. Here, A, 6w, xp, and
xa are the Curie constant, Weiss temperature, paramagnetic
susceptibility, and diamagnetic susceptibility of the core
electrons, respectively. The 6w and x, are estimated to be
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0.3 K and 5.3 x 10~* emu/mol, respectively. The small 6y is
in accord with the absence of magnetic ordering above 2 K.
This is further confirmed by the temperature dependence of
specific heat (C). Figure 4(b) shows the C/T plotted as a
function of T2. C/T linearly increases as a function of T2
without any clear anomaly of the magnetic phase transition
above 2 K. By assuming the relation C/T = y + BT?, where
y and g are the electronic specific coefficient and coefficient
of the T3 term, y is estimated to be 4.4 mJ/mol K2, yielding a
Wilson ratio (:3n2k§)(p/u]23y) of 8.8. This value is much
larger than that of a paramagnetic Fermi liquid (~2) and
indicates the presence of enhanced paramagnetism, which may
originate from an instability of ferromagnetic ordering [34-36]
or an enhancement of Van Vleck magnetism due to the nearly
degenerate jeg = % and jegr = % manifolds located near EF.
Taking these results into consideration, we discuss the
origin of magnetoresistivity. On the basis of the temperature
dependence of magnetoresistivity, charge dynamics, and mag-
netic susceptibility, it is likely that positive magnetoresistivity
is enhanced along with the evolution of the Dirac semimetallic
state and enhanced paramagnetism. Since our sample is of a
polycrystalline form, the unusual magnetoresistivity might be
attributed not only to the intrinsic bulk state but possibly also
to the defects or the surface state at the grain boundary. Indeed,
alarge B-linear magnetoresistivity is often observed in heavily
disordered materials, which can be simply explained by a
classical model based on random resistor networks [37,38]. In
such a case, however, the charge transport is incoherent even
under zero magnetic field, which is not the case in the present
system; the resistivity and optical conductivity spectra exhibit
a metallic behavior and a sharp Drude response, respectively.
Another possibility would be the Zeeman splitting coupled
to the Landau levels of bulk Dirac electrons as observed in
some Dirac semimetals [39]. However, this is again not likely
the case, since the onset temperature of the Zeeman splitting
term is higher than that of the cyclotron motion term in the
present system. A more plausible scenario is the field-induced
topological transition of a Dirac node. It is proposed that the
Dirac semimetallic state with a topological surface state turns
into the Weyl semimetal or a line-node semimetal via Zeeman
coupling by applying the magnetic field along [100] and [010],
but is gapped out under the magnetic field tilted away from
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the (001) plane [17,32]. Considering that each crystal grain
in our polycrystalline sample is randomly oriented to the
applied magnetic field, the gap opening may have the most
dominant impact on transport among the possible topological
transitions. Since enhanced paramagnetism may promote
Zeeman splitting or mixing among the jeg = % and jegr = %
states, it is conceivable that the topological transition with a
reduction of transport relaxation time or the elimination of
the topological surface state coupled to the bulk Dirac node is
responsible for the unusually large positive magnetoresistivity
observed, which is two or three orders of magnitude larger
than in epitaxially strained thin films. Moreover, Er appears
to be more closely tuned to the Dirac node in the present
strain-free bulk sample. Therefore, the removal of strain in the
precisely half-filled-band condition should be important for
further investigations on the interesting transport phenomena
of correlated Dirac electrons, as in the present system; for
example, negative longitudinal magnetoresistivity due to a
chiral anomaly may show up in a single-crystal or strain-free
thin film, when the Weyl semimetallic state is induced under
a magnetic field directed precisely along [100].

In summary, we have investigated the magnetotransport and
charge dynamics of correlated Dirac electrons in the strain-
free perovskite SrIrO;. Positive magnetoresistivity (MR) is
dramatically enhanced at low temperatures in both transverse
and longitudinal geometries. The longitudinal (transverse) MR
is B linear (more B quadratic) and exceeds 50% (100%) at
14 T at 2 K, which is two or three orders of magnitude larger
than in an epitaxially strained thin film of SrIrO;. The optical
conductivity spectra dramatically change on an energy scale
of 0.3 eV, and an absorption structure due to the interband
transition of the Dirac cone shows up below 100 K. Combined
with the evolution of paramagnetic susceptibility, we propose
that the field-induced topological transition of the Dirac node
promoted by enhanced paramagnetism gives rise to the unique
magnetoresistivity of correlated Dirac electrons in the present
semimetal.
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