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Abstract

We have investigated the charge transport in the paramagnetic metallic phase of hole-doped
pyrochlore iridates. The temperature dependence of thermopower shows a remarkable peak, typ-
ically 45 pV/K at 20 K, in a wide doping range from a heavily doped region to nearby the Mott
transition. Calculations based on local density approximation and dynamical mean field theory
show the presence of a quadratic band touching (QBT) in these compounds. This quantitatively
elucidates the thermopower characteristics and specific heat of the doping induced metallic state,
suggesting that the QBT is a common and robust feature in the paramagnetic metallic phase of

hole-doped pyrochlore iridates even in the proximity of the Mott transition.



The interplay between relativistic spin-orbit interaction and electron correlation produces
a fertile research field of strongly correlated topological semimetals. A remarkable example
is the Dirac/Weyl semimetal, wherein massless or small effective-mass electrons give rise to
unusual charge transport due to the non-trivial Berry phase! 2. The pyrochlore-type iridates
RyIr;O;7 (R =rare earth elements) are candidates of strongly correlated Weyl semimetals,
which offers a unique opportunity to study the Mott physics of Weyl electrons* 7. Recent the-
oretical studies have clarified the possible emergence of antiferromagnetic Weyl semimetallic
phase nearby the Mott transition, wherein Weyl points as well as the metallic edge state are
topologically guaranteed by the broken time reversal symmetry due to the antiferromagnetic
order. Indeed, signatures of the Weyl semimetallic phase such as the enhanced anomalous
Hall effect as well as the metallic edge state emerging at the antiferromagnetic domain wall

d® 12, In fact, the Weyl semimetallic phase of RyIr,O7 is fragile at zero

have been observe
magnetic field and is limited to a narrow range below the antiferromagnetic transition tem-
perature [Fig. 1(a)], whereas it extends to a wider temperature area under the magnetic
field!6.

In the context of correlated Weyl semimetals, there is a growing interest in another
semimetallic state, which is characterized by a touching of two parabolic bands at a dis-
crete point in momentum space as illustrated in Fig. 1 (b). For these compounds, the
band touching (quadratic band touching, QBT) at the I-point is guaranteed by the cubic
crystal symmetry and the time-reversal symmetry, and thus should be robust against per-
turbations which keep these symmetries intact. Historically, the QBT has been recognized
in some zero-gap semiconductors such as a-Sn'?, and was recently identified for PrylryOs,
which is a paramagnetic semimetal in the proximity to the metal-insulator transition [Fig.
1 (a)]'®19. Tt has been theoretically proposed that electronic correlation effect in combina-
tion with the QBT causes non-Fermi liquid behavior with anomalous charge transport and

20-23

dielectric/magnetic susceptibility . Indeed, signatures of unusual magnetic and optical

response have been reported by measurements of the magnetic Gruneisen number and ter-

2425 Tn this context, Rolr,O7 is expected to offer an

ahertz optical spectrum in PrylryO;
interesting opportunity to study the QBT in the strongly correlated region nearby the Mott
transition, but the interplay between the QBT and the electron correlation has remained to
be elusive. In this paper, by means of thermoelectric measurements and theoretical calcula-

tions, we propose that the QBT robustly subsists against the modest changes of one-electron



band-width and/or band-filling in the paramagnetic phase of RylraO7. Remarkably, our re-
sults suggest that the QBT reemerges by doping the Mott insulating phase, wherein the
band structure with the QBT is destroyed by strong electron correlations. Specifically, the
QBT is likely to give rise to a thermopower peak as large as 40 ;V /K around 20 K by tuning
the one-electron band-width or band-filling.

The densely-packed polycrystalline samples with large-size grains (1-10 pm) of
(Euy_,Cay)oIraO7, [(Ndg2Pros)i—»CagloIraO7 and (Pry_,Ca, )2IraOr were synthesized under
3 GPa and at 1200 °C by using the cubic-anvil-type furnace. The cubic crystal symmetry
enables us to perform the precise resistivity, magnetization, specific heat and thermoelectric
measurements. The results of powder x-ray diffraction show that all the samples were of a
single phase that keeps the cubic crystal symmetry. The lattice constant of the Ca-doped
compounds satisfies Vegard’s law (Fig. S1 in the Supplementary Material?6). The resis-
tivity and specific heat were measured by the four-probe method and relaxation method,
respectively. The magnetization was measured by means of a superconducting quantum
interference device (SQUID) at 0.01 T.

In RsIr,O7, the one-electron band-width and band-filling of Ir 5d-state can be finely con-
trolled by chemical substitution on the R-ion site. The effective one-electron band-width
increases with decreasing the lattice distortion as measured by the Ir-O-Ir bond angle dis-
tortion via increasing the average ionic radius of R-ion. Furthermore, the band-filling can
be controlled by hole doping via partial substitution of the trivalent R-ion with the divalent
Ca-ion. As demonstrated in Fig. 1(a), the transition temperature (Ty) of antiferromag-
netic insulating phase with all-in all-out magnetic ordering is smoothly reduced by changing
the R-ions from Eu to Nd and vanishes at R=NdgPrgg; the insulator-metal transition
is driven by the electron correlation, resulting in the quantum Mott transition'*1°. The
Weyl semimetallic state shows up in the narrow temperature range immediately below the
antiferromagnetic transition and yields a sizable anomalous Hall effect stemming from the
Berry curvature accompanying the tiny net magnetization (a few mug/f.u.)®. In fact, such
a sizable anomalous Hall effect is one of the important signatures of the Weyl semimetal
phase.

This stands in contrast with the case of the QBT in the paramagnetic phase; the trans-
port signature to detect the QBT has been barely understood. Here, we found that the

presence of QBT is supported by a characteristic peak in the temperature dependence of



the Seebeck coefficient (S). Figure 1 (c) shows the temperature dependence of S calculated
for a single QBT with isotropic band dispersion as illustrated in Fig. 1 (b). We calculated S
in the scheme of the standard Boltzmann transport theory, assuming an energy independent
relaxation time and the symmetric dispersion for conduction- and valence-bands for brevity.
S shows a peak at a temperature corresponding to the half of Fermi level (Er/2), and thus
the peak shifts to higher temperature with decreasing Er below the energy of QBT. In a
straightforward picture, the peak can be understood from the balance between the electron
and hole contributions; the contribution of hole is dominant at low temperatures, while the
contribution of thermally excited electrons partially cancels the former at sufficiently high
temperatures. In the present model, the peak value does not depend on Er and the band
mass. The latter feature can be understood from the fact that S does not depend on A
for the band dispersion E(k) = A|k|™ in the scheme of Boltzmann transport theory with a
natural number n?7.

A similar peak feature in the temperature dependence of S can be seen in
(Pr;_,Ca,)oIrsO7 and [(NdgoPros)i—.Ca,laIraO7. Note that the latter is located on the
verge of the quantum Mott transition as shown in Fig. 1(a), but remains to be a paramag-
netic metal down to low temperatures (Fig. S2 in the Supplementary Material?®). Figures
1(d) and (e) show the temperature dependence of S for both series of materials. For x=0
and 0.01, the sign of S is negative at high temperatures and a dip is observed for 50 — 100
K. With increasing x, the dip is smeared out, and a peak gradually grows around 30 K for
heavily doped systems. Notably, S reaches 45 puV/K at 23 K for (Pr;_,Ca,)sIrsO; with
x = 0.05, which is comparable with the typical thermoelectric oxide NaCoy0,2%. A similar
behavior is observed for [(NdgProsg)i—.Ca,]oIraO7 with x = 0.05 as shown in Fig. 1(e).
The peak value appears to be nearly x-independent for x > 0.05, whereas the peak shifts
to higher temperatures with increasing z. Figures 2 (a) and 2 (b) show the peak value
(S*) and peak temperature (7*) for both series of compounds plotted as a function of z.
Both series show the common feature that S* steeply increases in the lightly doped region
(x < 0.05), but is less z-dependent in a heavily doped region (x > 0.05) with a value of
approximately 45 £ V/K. On the other hand, it is evident that 7 monotonically increases
as x increases in a heavily doped region, while it shows a rather complicated behavior for
x < 0.02. Such a thermopower peak at low temperature reminds us of the phonon-drag ef-

fect as often observed in metals or semiconductors. However, the characteristic temperature



of a peak due to the phonon-drag effect is determined by the Debye temperature and thus
is not consistent with the significant increase of T as a function of x in the present case. A
more plausible scenario is the aforementioned mechanism by the QBT. Although we could
not exclude the possibility of a small gap-opening with the magnitude of a few meV, given
that the crystal symmetry remains to be cubic, it is most likely that the QBT subsists and
governs the thermoelectric response even in the doped metallic phase. We anticipate that
the modest z-dependence of the peak value in the heavily doped region originates from a
deviation of low-energy band structure from a simple QBT and/or the energy dependent
relaxation time (see below). On the other hand, the coexistence of a peak and profound dip
in the lightly doped region (z < 0.02) cannot be understood by the aforementioned model;
the complicated behavior may be attributed to an energy dependent relaxation time.

Next, we explored whether the temperature dependence of S can be universally seen even
in the metallic phase obtained by hole-doping a Mott insulating parent compound (z = 0).
Figure 3 (a) shows the temperature dependence of the resistivity for (Eu;_,Ca,)2lraO7. The
resistivity shows an insulating behavior with a kink at Ty (= 123 K) for the parent com-
pound EuslraO7 (x=0), and gradually decreases with increasing x while keeping the kink
for x < 0.03. For z > 0.05, the metallic behavior subsists down to 2 K, and the signa-
ture of antiferromagnetic transition is no longer clear. Figure 3 (b) shows the temperature
dependence of the magnetization for (Eu;_,Ca,)sIr;O7. The antiferromagnetic transition
manifests itself as an upturn of the magnetization and is discernible up to x = 0.05. It is
evident that both Ty and the magnetization at 2 K decrease with increasing x. The elec-
tronic phase diagram of (Eu;_,Ca,)slroO7 is summarized in Fig. 3 (c¢). Ty is suppressed
with increasing x and appears to vanish around x = 0.05 accompanied by the doping in-
duced (band-filling controlled) metal-insulator transition. We note that the signature of
Weyl semimetallic phase has not yet been detected for the present compound in contrast
to the case of (Nd;_,Pr,)sIrsO; which features a band-width controlled metal-insulator
transition. The metal-insulator transition can also be quantified by the electronic specific
heat coefficient (7). Here, « is derived by the extrapolation of the specific heat divided
by temperature (C/T) plotted as a function of T? to zero temperature (Fig. S3 in the
Supplementary Material®®). As shown in Fig. 3 (c), 7 rapidly grows above x = 0.04 and
exceeds 20 mJ/mol K? for z = 0.05, suggesting the emergence of a sizable Fermi surface.

We note that a similar value has been observed for (Y;_,Ca,)oIr,0;%°. As shown in Fig.



3 (d), S shows a peak consistent with the QBT feature in a wide doping range. Similarly
to the case of (Prj_,Ca,)2IrsO7 and [(Ndg2Prog)i—.CaglaIraO7, S* is nearly a-independent
(22 — 30V /K), while T* monotonically increases as x increases. Indeed, as shown in Fig.
2 (a) and 2 (b), T* of (Eu;_,Ca,)oIr,O7 nearly coincides with those for (Pry_,Ca,)sIrsO5
and [(Ndg2Prog)i—.Ca,]oIraO7, whereas S* is slightly smaller for the former. These re-
sults suggest that the QBT is realized even in the doping induced paramagnetic phase of
(Eu;_,Cay)oIrOg.

In order to substantiate the existence of the QBT in the doping induced paramagnetic
phase, we performed the band calculation on the basis of local density approximation (LDA)
combined with dynamical mean field theory (DMFT). In the LDA calculation, the renor-
malization effect on the level of random phase approximation is included by using the mod-

13935 Figure 4 (a) shows the band structure for

ified Becke-Johnson exchange potentia
(Eu;_,Cay)olraO7 with =0.1 calculated by LDA as well as that calculated by LDA +
DMFT with the Hubbard interaction U = 1.3 eV. Here, the LDA result is rescaled by an
additional renormalization factor z=0.15 in order to highlight similarities to the LDA +
DMFT spectral function. Note that the LDA + DMFET spectral function is obtained by
introducing a small energy broadening. Both results are nearly identical in the vicinity of
Er as confirmed by a Fermi liquid-like self-energy. Small differences arising from the dis-
cretization in the course of DMFT using the exact diagonalization method appear below
-0.05 eV and above 0.05 eV. However, the thermal transport is predominated by a small
energy window (of 4+ 4kgT') around Ep. Therefore, the thermopower at low temperatures
e.g. below about 150 K, will not be strongly affected by these small differences®”. In the
DMFT calculation, we considered only jeg = 1/2-state, omitting jog = 3/2-state, because
the LDA results show no direct crossing between the jog = 1/2-state and j.g = 3/2-state.
The renormalized je.g = 1/2-state lies between -0.075 to 0.05 eV, whereas the renormalized
Jef = 3/2-state is located below -0.05 eV. Our result suggests that the QBT emerges at
the I'-point similar to the case of Prylr,O;%1%21, The QBT is located at 10 meV above Er
as expected from the hole doping. We note that the band dispersion is sizable along the
I' — X line, but is significantly flattened along the I' — L line, This is consistent with the
previous calculations for YsIr,O737. We have calculated v on the basis of the LDA +DMFT
results. The calculated value is 29 4+ 3 mJ/Ir mol K2, which quantitatively agrees with the

experimental result (= 26 mJ/Ir mol K?).



Furthermore, we calculated S on the basis of the LDA + DMFT spectra by employing the
quantum many-body Kubo formalism?53%. Figure 4 (b) shows the calculated temperature
dependence of S. Both the LDA with z = 0.15 and LDA + DMFT (U = 1.3 eV) results
show a peak structure as observed in the experimental result at low temperatures. The
LDA + DMEFT results are in good quantitative agreement with the experiment, while the
renormalized LDA results give larger peak value and peak temperature. Although the value
of S calculated with the LDA+DMEFT depends on the choice of the broadening factor,
the results robustly show a presence of a peak in S, which is governed by the QBT even
with anisotropic band dispersion. The nearly dispersionless part along I' — L line gives
rise to the enhanced density of states above Ep, but merely gives less contribution to S
due to the small Fermi velocity. Finally, we remark the thermally induced sign change
of S at high temperatures, which is commonly observed in most of the samples. At high
temperatures, the renormalized LDA results show the same behavior as the simple model
in Fig. 1(b); S decreases but always remains positive. We note that the LDA +DMFT
spectral function for T > 190 K does not feature a quasiparticle resonance. Generally, for
hole-doped Mott insulators at high temperatures within the DMFT, the thermal fluctuation
suppresses quasiparticles and only incoherent spectral weight remains in the vicinity of Ff.
Thus, all-band structure of the joz = 1/2-state contributes to S, and the asymmetry of the
local spectral function dominates the sign of S. Here, consistently with the experimental
results, S of the LDA + DMFT becomes negative.

In summary, we report the charge transport measurements for hole-doped pyrochlore
iridates RslroO7 (R=Pr, Nd and Eu). These compounds show an enhanced thermopower
peak, typically reaching 45 ¢V /K at 20 K, in a wide doping range of paramagnetic metallic
phase. Specifically, the metallic phase with such a characteristic thermopower peak can be
induced even from the Mott insulating phase by hole-doping. Combined with the elaborate
calculations based on local density approximation and dynamical mean field theory, we have
provided the evidence that a quadratic band touching (QBT) emerges in the doping-induced
paramagnetic metallic phase, resulting in the characteristic temperature dependence of the
thermopower as observed in the experiment. These results suggest that the topologically
protected character of QBT is robust even in the strongly correlated electron system nearby
the Mott transition, which opens a way to create the Weyl semimetallic phase on the verge

of filling-controlled Mott transition in this class of material.
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FIG. 1: (a) The electronic phase diagram of RalroO7 (R=Eu, Sm, Nd and Pr) and their solid solu-
tion. The triangles denote the transition temperature of antiferromagnetic (AF) ordering T 1.
The green region below T denotes the Weyl semimetallic (WSM) phase. (b) The illustration of
quadratic band touching (QBT). The plane denotes the position of Fermi energy (Er) as measured
from the position of the band touching. The energy of QBT is defined as zero. (c) The Seebeck
coefficient S calculated by the simple model assuming a single QBT as illustrated in (b). Here,
we fix the energy dependence of relaxation time for brevity. In reality, the peak value can depend

on Fr due to the change of profile of relaxation time. The temperature dependence of Seebeck

coefficient (d) for (Pry_,Ca;)2IrsO7 and (e) for [(Ndo2Pro.s)1—»CaglolraOr.
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FIG. 3: Temperature dependence of (a) resistivity and (b) magnetization for (Euj_,Ca,)2IraO7.
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on the basis of the band structure by LDA (circle) and LDA + DMFT (triangle).

13



