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We have spectroscopically investigated the thermally and doping-induced metal-insulator transitions
for pyrochlore-type Nd,Ir,O; as well as its Rh-doped analogs Nd,(Ir; _,Rh,),05, where the spin-orbit
interaction as well as the electron correlation is effectively tuned by the doping level (x). The charge
dynamics dramatically changes on an energy scale of 1 eV in the course of thermally and doping-induced
metal-insulator transitions, while the insulating ground state shows a small but well-defined charge gap of
45 meV. Anomalous doping variation of the low-energy (< 0.3 eV) optical-conductivity spectra at the
ground state can be interpreted in terms of the phase changes among the narrow-gap Mott insulator, Weyl

semimetal, and correlated metal.
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The electron correlation effect in 3d- or 4d-transition
metal oxides has received an enormous amount of atten-
tion, since it often produces a variety of emergent phe-
nomena such as metal-insulator transition (MIT), high-T¢
superconductivity, and colossal magnetoresistance [1]. In
contrast, the Sd-transition metal oxides have been believed
to be categorized as weakly electron correlated systems
due to their larger effective band width. Recent extensive
studies, however, have shown that the strong spin-orbit
interaction (SOI) inherent in heavy S5d-transition metal
ions effectively enhances the electron correlation via re-
shuffling of the 5d-band manifold, which provides a new
platform for emergent electronic or magnetic collective
phenomena [2—4].

Among them, the pyrochlore-type R,Ir,O; (R is the
rare-earth elements) has been attracting much attention
for the possible formation of topologically nontrivial elec-
tronic structures in the presence of both strong SOI and
electron correlation, such as the topological Mott insulator,
zero-gap semimetal with Weyl points (Weyl semimetal),
and axion insulator [4-9]. For R,Ir,O,, both R- and Ir-
sublattices form networks of corner-sharing tetrahedra and
the nominal electronic configuration of Ir** is 5d ;. The
strong SOI lifts the degeneracy of 5d t,, manifold into the
lower-lying J.; = 3/2 quadruplet and higher-lying J.; =
1/2 doublet bands. The former is fully occupied and
energetically well separated from the latter, whereas the
latter is half-filled and plays a major role in the electronic
or magnetic properties [4—6].

As shown in Figs. 1(a) and 1(b), Nd,Ir,O; undergoes a
thermally induced MIT concomitantly with the magnetic
ordering at Ty = 32 K, where the resistivity dramatically
increases and magnetization exhibits an onset in the field
cooling (FC) process [10]. On the basis of neutron diffrac-
tion experiments, Tomiyasu et al. argued that the magnetic
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transition at Ty corresponds to the ordering of Ir-5d mo-
ments in the all-in all-out type configuration, where all the
Ir-5d moments are pointing toward or outward from the
center of each tetrahedron [11]. By changing R from Nd to
Ho, Ty monotonically increases up to 141 K, and the
system becomes a semiconductor below room temperature

10° ———rrrr— 0.004 ———rrr e
104 k(a) NdZ(Irl—thx)207A (b) Lot x=0
0 0.002F - AN
[ - ZFC ™.
T2l P S || RN
g 10 % 0.00419) 4 H=001T/
\;101k Z x=002
= 10°h 3
Z 107 g
“ 101 S
_ o
10.3}70.05 %
]0‘4x:‘0"!9““1 A PP p=
10° 10! 107
- Temperature (K)
g 30— 0Ll
5 L (2) Ndy(Ir; ,Rh,),0 o) 0° 10" 107
SR 2 l‘x X251 = Temperature (K)
ﬁ 10k, = 0. i glojgié?x;Z(rl-x x)2’%
g | ; C1037F & TE &
38 I oo, 1 s 1 n = L n 1 s ]
% OO 10 20 30 40 %10360 0.05 0.1
Temperature (K) — x

FIG. 1 (color online). The temperature dependence of (a) the
resistivity for Nd,(Ir;-,Rh,),0; (x = 0, 0.02, 0.05, 0.10), the
magnetization for (b) x =0, (c) x=0.02, (d) x=0.05,
(e) x = 0.10 (FC and ZFC denote field cooling and zero field
cooling, respectively), (f) the x dependence of lattice constant,
and (g) the specific heat for x = 0 (@), x = 0.02 (O), x = 0.05
(A), x =0.10 (O).
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[10,12—-14], while Pr,Ir,0; is metallic down to 0.3 K and
shows no long-range magnetic ordering except for the
freezing of Pr-4f or Ir-5d moments at 0.12 K [15].
Despite these experimental investigations on the electronic
or magnetic properties for these systems, the origin of MIT
has been left elusive.

In this study, we have systematically investigated the
evolution of the charge dynamics as well as the transport,
magnetic, and thermal properties in the course of MIT for
the pyrochlore-type Nd,Ir,O; and its Rh-doped analogs
Nd,(Ir;_,Rh,),0,. Rh doping is done to finely tune the
interplay between the SOI and the electron correlation, and
hence to drive the insulator-metal transition at the ground
state. The observed features suggest that the MITs for the
present system can be viewed as the phase changes among
the correlated metal, the Weyl semimetal, and the narrow
gap Mott insulator, as characterized by the strong SOI and
electron correlation.

The high-quality  polycrystalline  samples of
Nd,(Ir;_,Rh,),0; with x = 0, 0.02, 0.05, and 0.10 were
prepared by a solid-state reaction under high pressure
(3 GPa and 1200 °C). The dense and hard samples with
least grain-boundary effect as prepared by the high-
pressure method are particularly suitable for the optical
reflectance and transport measurements. We have con-
firmed by powder x-ray diffraction that all the samples
imply no detectable impurity phase, and the lattice con-
stant of the Rh-doped compounds satisfies Vegard’s law, as
shown in Fig. 1(f). The resistivity, specific heat, and mag-
netization were measured with the physical property mea-
surement system (Quantum Design). Reflectivity spectra in
the temperature range from 5 to 290 K were measured
between 0.005 and 5 eV by Fourier transform- and grating-
type spectrometers. The spectra above 5 eV were measured
at room temperature with the use of synchrotron radiation
at UV-SOR, Institute for Molecular Science. The optical
conductivity spectra were obtained by Kramers-Kronig
(KK) analysis with suitable extrapolation procedures.
The optical conductivity spectra below 10 meV were ob-
tained by terahertz (THz) time-domain spectroscopy
(TDS) in a transmission configuration [16] without resort-
ing to KK analysis (for details of the experimental setup for
the present THz TDS, see Sec. II Ref. [16]).

The temperature dependence of resistivity for Nd,Ir,O
(x = 0) is shown in Fig. 1(a), along with those for x = 0.02,
0.05, and 0.10. First, we focus on the MIT in Nd,Ir,O,
(x = 0). With lowering temperature, the resistivity for
x = 0 monotonically decreases down to 50 K and then
shows a divergent behavior below 30 K. In Fig. 1(b), we
show the temperature dependence of magnetization mea-
sured by field-cooling (FC) and zero-field-cooling (ZFC)
processes. The magnetization curve measured in the FC
process shows an upturn at T, while that measured in the
ZFC process shows no clear anomaly with previous reports
[10]. As shown in Fig. 1(g), the ordering of the Ir-5d

moment manifests itself as a A-type peak at Ty in the
specific heat curve for x = 0. A recent neutron scattering
study indicates that the Nd-4f moment starts to order
below 15 K [11]. Since the energy of the crystal field
(CF) splitting between the ground state and the first excited
state is estimated to be 26 meV (~ 300 K) [11], a broad
hump-like structure around 10 K may be attributed not to
CF excitation but to the magnetic ordering of Nd-4f mo-
ments. We note that the entropy change except the contri-
bution from phonon below 20 K is larger than R In2, the
value corresponding to the entropy released by the mag-
netic ordering of Nd-4f moments as observed in spin-ice
systems [17]. The excess entropy change may originate
from the coupled Ir-5d moments, reflecting the exchange
interaction between Nd-4f and Ir-5d moments.

Figure 2(a) displays the optical conductivity spectra for
Nd,Ir,O; (x = 0) at various temperatures above 50 K as
well as at 10 K. At 290 K, a broad absorption band is
observed around 1 eV, as shown in the inset to Fig. 2(a).
Since the optical conductivity spectra above 1 eV show
minimal temperature dependence, we henceforth focus on
the low energy range below 1 eV. At room temperature, the
spectral shape below 0.5 eV is fairly flat except for the
sharp peaks due to the optical phonons below 0.08 eV,
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FIG. 2 (color online). (a) Optical conductivity spectra at vari-
ous temperatures for Nd,Ir,O;. The filled circles denote dc
conductivities. The inset shows the spectra at 290 K and 50 K
up to 2 eV. The triangle indicates the absorption band around
1 eV. (b) Optical conductivity spectra below 50 K. The inset
show the magnified view of the spectra in the far-infrared region
as deduced by time-domain terahertz spectroscopy.
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suggesting that incoherent charge dynamics governs the dc
charge transport as well. A hump-like structure appears
around 0.06 eV, whose spectral weight is markedly en-
hanced as the temperature decreases, together with a sharp
Drude peak below 0.01 eV. Figure 2(b) shows the low-
energy region of optical conductivity spectra below 50 K.
As the temperature is further lowered, the hump-like struc-
ture becomes sharpened, decreasing the spectral intensity,
and turns into a gapped absorption peak centered at 0.1 eV.
Some sharp phonon profiles are subject to the Fano reso-
nance effect due to the overlapping electronic background,
yet no major change, e.g., splitting of the mode, is
discerned, indicating that the lattice symmetry is not
changed upon MIT. At 5 K, the optical conductivity below
0.05 eV is too small to be precisely estimated by measure-
ment of the reflectivity spectra. The inset to Fig. 2(b) shows
the optical conductivity spectra deduced by the THz
TDS in transmission configuration. The optical conductiv-
ity below 5 meV is extremely small (less than5 Q' cm™')
below 10 K, allowing us to conclude the full opening
of the charge gap. The charge gap energy, which is
defined as an onset energy of the steeply rising part
of the optical conductivity, is estimated to be 45 meV
at 5 K.

To quantitatively characterize the temperature depen-
dence of spectral weight, we have calculated the effective
number of electrons (N.¢), defined as

2myV  fo.
Nalho) =00 [* o(0)do. ()

Here mg, V, and w, are the free-electron mass, cell volume,
and cutoff energy, respectively. We plotted the temperature
dependence of Ngy(hw, =50 meV) and Nyy(ho, =
300 meV) in Figs. 3(a) and 3(b), respectively. Both
Neg(hw, = 50 meV) and Ng(how,. = 300 meV) increase
when cooled from 300 K to 50 K, but decrease below Ty in
accord with the charge gap opening.

Important insight into the origin of the insulating state is
provided by the effective tuning of the SOI via Rh-ion
doping. Since the nominal electronic configuration of
Rh4+(4dt§g) is isoelectronic to that of Ir4+(5dt§g), Rh-ion

doping would effectively reduce the strength of SOI in the
amalgamated 4d-5d band scheme, keeping the nominal
band filling intact [18]. In Fig. 1(a), we show the tempera-
ture dependence of resistivity for Nd,(Ir,.,Rh,),0; with
x = 0.02, 0.05, and 0.10 together with that for x = 0. With
increasing x, the resistivity at low temperatures dramati-
cally decreases and shows a metallic behavior for x =0.10,
apart from the slight upturn below 5 K. As shown in
Figs. 1(c)-1(e), the difference in magnetization between
the FC and ZFC processes is observed below 30 K for
x = 0.02 and 0.05, but is no longer clear for x = 0.10. The
specific heat curves for x = 0.02, 0.05, and 0.10 show a
broad hump-like structure below 10 K, which shifts to
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FIG. 3 (color online). Temperature dependence of the effective
number of electrons (a) for 50 meV [N(50 meV)]and (b) for
300 meV [N.;(300 meV)]. (@: x=0, O: x=0.02, A:
x =0.05 and [J: x = 0.10). (c) The schematic diagrams for
the electronic structure for x = 0 at various temperatures as
well as those for x = 0.02 (Weyl semimetal) and 0.10 (correlated
metal) at the ground state (7T ~ 5 K).

lower temperatures as x increases. This is perhaps because
the coupled (all-in all-out) order of the Nd-4 f and the Ir-5d
moments via the f-d exchange interaction is suppressed
with increasing x.

We show the optical conductivity spectra at various
temperatures for x = 0.02, 0.05, and 0.10 in comparison
with those for x = 0 in Figs. 4(a)-4(d). The spectra at
290 K are rather flat below 0.1 eV and show a broad
absorption band centered at 1 eV, as seen in that for
x = 0. Below 50 K, as shown in Figs. 4(b) and 4(c), the
hump-like structure is discernible at 0.05 eV (0.06 eV) at
low temperatures for x = 0.02 (x = 0.05), as in the case
for x = 0, while it is not clear apart from the broad Drude
peak for x = 0.10. We note that the onset of the steeply
rising part of optical conductivity continuously shifts
to lower energy with increasing x at 5 K, as shown in
Fig. 4(d); this indicates the nearly continuous closing of
the charge gap in the course of the doping-induced MIT.
To quantitatively evaluate the temperature dependence of
the spectral weight, we plotted N ¢ also for x = 0.02, 0.05,
and 0.10 in comparison with that for x = 0 as a function of
temperature in Figs. 3(a) and 3(b), respectively. As x
increases, the temperature dependence of N becomes
small, while the low-energy spectral-weight loss is
discerned below 50 K for x = 0.02 and 0.05, similar to
the case of x =0. For x = 0.10, however, not only
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FIG. 4 (color online). Optical conductivity spectra at

(a) 290 K, (b) 50 K, (c) 10 K, and (d) 5 K. The red, green,
blue, and black line indicates the spectra for x = 0, 0.02, 0.05,
and 0.10, respectively. The filled circles denote the dc conduc-
tivity and the dashed lines are the guide to the eyes.

Neg(w, = 50 meV) but also Ng(w,. = 300 meV)
monotonically increase as the temperature decreases, in-
dicating that a change in the charge dynamics on the
energy scale of higher than 0.3 eV is determinant to the
temperature dependence of dc-charge transport below
300 K. These results suggest that a tuning of the SOI
via Rh doping would significantly change the electronic
structure near the Fermi level on an energy scale of 1 eV,
turning the magnetic Mott insulator into the incoherent
paramagnetic metallic one via the semimetallic or zero-
gap state.

Several scenarios have been theoretically proposed up to
now as the origin of the insulating or semiconducting phase
for the present system [4-9]. Wan et al. proposed the Weyl
semimetal by ab initio calculation, which shows linearly
dispersing bands with vanishing density of state at Fermi
energy [5]. They argue that the Weyl semimetallic phase
emerges when the strength of electron correlation (U) is
moderate (~ 1.5 eV), and therein the optical conductivity
is proportional to photon energy (o(w) o ) in the limit of
clean systems. This model is not consistent with the clear
charge gap discerned at low temperatures for x = 0, but is
in accord with the features of the optical conductivity
spectra for the x = 0.02 and 0.05 compounds in which
the magnetic order, perhaps all-in all-out, appears to sur-
vive at the ground state.

We note that the evolution of charge dynamics upon
MITs for the present system is quite unique among the
conventional Mott insulators. For example, in V,05, which
is known as a prototypical Mott insulator, a large spectral

intensity in the low-energy region originating from the
Drude response and incoherent charge excitation is nearly
completely transferred to the higher energy region upon
MIT, and a charge gap with an energy scale of U (~ 1 eV)
opens in the Mott insulating phase [1,19,20]. For the
present system, on the other hand, the spectral weight in
the low-energy region substantially subsists as the absorp-
tion band centered at 0.1 eV even in the insulating phase,
leading to a small charge gap energy (~ 45 meV), which is
further tuned to the zero-gap state by Rh doping (x). Such
an evolution of charge dynamics is reminiscent of the
phase transition between the Mott insulator and Dirac
semimetal predicted for the two-dimensional honeycomb
lattice system [21], where the latter phase is characterized
by linearly dispersing bands with vanishing density of state
at Fermi energy, similarly to the Weyl semimetal. Recent
theoretical studies on systems of this model have shown
that charge gap opening occurs in a nearly continuous
manner upon Mott transition [21]. It is also predicted for
the present system that the Weyl semimetallic and Mott
insulating phases will compete with each other when the
electron correlation strength is effectively tuned (around
U = 1.8 eV) [5]. It is thus expected that the Mott insulat-
ing state in proximity to the Weyl semimetallic state for
x = 0 turns into the Weyl semimetallic state with dilute Rh
doping (x = 0.02), and finally into the correlated metal for
the heavily Rh-doped system (x = 0.10). On the basis of
these results, we schematically depict the evolution of the
electronic structure upon the thermally and Rh-doping-
induced MIT in Fig. 3(c).

In conclusion, we have investigated the evolution of
charge dynamics upon metal-insulator transition for the
pyrochlore-type Nd,(Ir;_,Rh,),05. For x = 0, the charge
dynamics significantly changes over a wide energy range
up to 0.5 eV in the course of the MIT; the spectral weight is
accumulated below 0.3 eV with lowering temperature
down to the MIT temperature, while a full charge gap
with an energy of 45 meV is clearly observed in the
insulating ground state. The reduction of the spin-orbit
interaction via Rh-ion doping results in the effective re-
duction of the electron correlation effect and the nearly
continuous charge-gap closing, as accompanied by the
reconstruction of the electronic structure near the Fermi
level on an energy scale of 1 eV. These results can be
interpreted as the successive ground-state phase changes
among the narrow-gap Mott insulator, Weyl semimetal,
and correlated metal, which are all characterized by the
interplay between the strong SOI and electron correlation
on the pyrochlore lattice.
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