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Topological everything
• Chern insulator

• Z2 topological insulator

• topological crystalline insulators

• topological superconductors

• Dirac semi-metals

• Weyl semi-metals

• Line node semi-metals

• Fermi surface
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•Distinct surface states
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FIG. 1. (Color online) Single-particle spectrum of (11) that
describes the surface states of a spherical topological insula-
tor, including the 24 states closest to the Dirac point. The
single-particle quantum numbers are the “Landau level” in-
dex n = 0, 1, 2, · · · , the angular momentum m = �(n +
1/2), · · · , (n+ 1/2), and the particle-hole index � = ±.

where � = ±1 distinguishes positive and negativ energy
solutions, and m is the eigenvalue of Lz. With h+h� =
S�S+ + 1, we find [30]

�"
nm

= (L�)s�m(S�)nu2s = (L�)s�m v̄nun+1, (13)

where s = n + 1

2

and m = �s, �s + 1, . . . , s. With (12),

�#
nm

= � S�

n + 1
�"

nm

= �(L�)s�m unv̄n+1. (14)

The number of degenerate states in the (n+1)-th Landau
level with energy ✏ = �(n+1) is hence 2(n+1), and grows
linearly with |✏|, as required for a Dirac cone (see Fig. 1).

H
0

is invariant under both time reversal T ⌘ �i�
y

K
(where K denotes complex conjugation) and parity P ⌘
�

x

P
✓

(where P
✓

takes ✓ ! ⇡ � ✓). The basis states (12)
transform according to

T �

nm

= � (�1)m� 1
2  �

n,�m

, (15)

P �

nm

= � (�1)n+m+

1
2  �

n,m

. (16)

Momentum space cuto↵.—The Dirac Hamiltonian H
0

(or h
0

) governs the behavior of the surface states of a
topological insulator for energies close to the Dirac nodal
point. At higher and lower energies, the surface states
merge with the bulk conduction and valence bands, re-
spectively, and their weight on the surface diminishes.
Consequently, even strong electron-electron interactions
of the order of the bulk gap will only induce small ma-
trix elements between bulk and surface states. It is hence
sensible to study the e↵ects of strong interactions on the
surface states alone, when working in the Fock space con-
structed from the single-particle eigenstates of H

0

with
n  n

0

for some Landau level cuto↵ n
0

. Importantly, it
is impossible to build orbitals in position space that are
localized on length scales smaller than 2⇡R/n

0

in this
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FIG. 2. (Color online) Phases of the topological insulator sur-
face states subject to the contact interaction (17) for a Hilbert
space restriction n0  3 as a function of interaction strength
UR/v and filling ⌫ = Np/[2(n0 +1)(n0 +2)]. Gapped phases
are found as an s-wave superconductor (SC) and an anoma-
lous quantum Hall e↵ect (AQHE) coinciding with ferromag-
netism. Gapless phases include the semimetal (SM) at half
filling, a Fermi liquid (FL), and anomalous Hall e↵ect (AHE)
coinciding with ferromagnetism. Left panel: Lower end of the
energy spectrum in the limit UR/v ! �1 as a function of
the particle number Np. The superconducting ground state
is evidenced by the degeneracy of the ground states in all sec-
tors of even Np. Right panel: Magnetization M of the 2-fold
(4-fold) quasi-degenerate ground state manifold in the limit
UR/v ! 1 as a function of the even (odd) Np. It evidences
spontaneously broken TRS in the thermodynamic limit.

restricted Hilbert space. Thus even if the interactions
are much larger than the kinetic energy scale v/R, the
problem does not reduce to a classical limit [28]. This
is somewhat reminiscent of the Landau level problem,
with the important di↵erence that single-particle states
are exponentially localizable on long enough distances on
the topological insulator surface while they are power-law
decaying in a Landau level on a compact manifold.
Interactions.—On this restricted single particle Hilbert

space, we consider a contact interaction

H
int

= U

Z

S2

d2 r⇢#(r)⇢"(r), (17)

where ⇢
s

(r) is the density operator of electrons with spin
s at position r. This interaction preserves T, P, the num-
ber of particles N

p

, and the total angular momentum

M =
P

Np

i=1

m
i

. We have studied the phase diagram of
this model as a function of UR/v and electron filling via
exact diagonalization up to n

0

= 2 (24 single particle
states) (see Fig. 2).

Magnetic phases.—At half filling and for UR/v > 10,
the ground state is a ferromagnet. In the finite system,
we find two quasi-degenerate ground states |FM±i with
P = ±1 in the M = 0 sector. The magnetization opera-
tor in e

r

direction, ⌃
3

⌘
R

S2
d2r [⇢"(r) � ⇢#(r)], anticom-

mutes with the parity operator P, since ⌃
3

 �

nm

=  ��

nm

.

e.g. T. Neupert et al, 2015
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This talk: how does this play out in a real example?

We will see that bringing 
real electronic 
correlations brings also a 
lot of complexity.  Good 
or bad, behavior is much 
less predictable
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Pyrochlore iridates
• Continuous magnetic/metal-insulator 

transitions (compatible with Ising)
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FIG. 3. a) The main panel shows the resistivity, and field cooled (FC) and zero field cooled (ZFC)
susceptibilities for Eu-227, while the insert the spontaneous muon oscillation frequency. Data adapted
from Refs. 80 and 81. b) Phase diagram for the pyrochlore iridates R-227 based on transport and
magnetism measurements. (This is a supplemented and modified version of the diagram found in Ref. 78.)
The R-elements that do not have a local magnetic moment are emphasized in bold magenta. The only
non-lanthanide, R = Y, is denoted by a square.

manifold. Therefore, the SOC � splits the t
2g

spinful manifold into a higher energy J
e↵

= 1/2

doublet and a lower J
e↵

= 3/2 quadruplet. In an ionic picture, since Ir4+ has 5 d-electrons, the

J
e↵

= 1/2 doublet is half-filled, and only this orbital is involved in the low energy electronic

structure. More generally, if trigonal splitting is included, the J
e↵

= 3/2 levels are split and mixed

with the J
e↵

= 1/2 ones. In the general case, there is a highest Kramers doublet, whose character

varies with the ratio of SOC to trigonal splitting, between a J
e↵

= 1/2 doublet and a S = 1/2 one.

A band structure view is complementary to the ionic picture as we now discuss. If only the

highest doublet is involved, we expect 4 two-fold degenerate bands near the Fermi energy, as

there are 4 Ir per unit cell. As discussed by Wan et al.

46 and Yang et al.,51 it is instructive to

consider their structure at the � point. Due to cubic symmetry, the 8 Bloch states at this point

decompose into 2 two-dimensional irreducible representations (irreps) and 1 four-dimensional irrep.

By electron counting, these bands should be half-filled, so that if the order of these irreps, in terms

of degeneracies, is 2-2-4 or 4-2-2, a band insulating state may occur, while if the order is 2-4-2,

the 4-dimensional irrep must be half-filled and hence the system cannot be gapped at the band

structure level (see the lowest panel of Figure 5(b)). The former situation was obtained by Ref. 7

based on a phenomenological but ad-hoc Hubbard model for small U . They found a transition from

a semi-metallic ground state to a TI one with increasing the ratio of SOC to hopping. Subsequently,

by ab initio methods, Wan et al. found46 the latter, 2-4-2, ordering of irreps in Y-227. In this case,

a TI is impossible, but other topological phases can occur with increasing correlations. For those

Yanagashima+Maeno, JPSJ 2001
K. Matsuhira et al, JPSJ 2011

W. Witczak-Krempa et al, ARCMP 2013

Ising AF
D. Pesin + LB, 2010

Topological MI?
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TOPOLOGICAL SEMIMETAL AND FERMI-ARC SURFACE . . . PHYSICAL REVIEW B 83, 205101 (2011)

state for this subsystem [see Fig. 5(b)]. Hence, this surface state
crosses zero energy somewhere on the surface Brillouin zone
kλ0 . Such a state can be obtained for every curve enclosing
the Weyl point. Thus, at zero energy, there is a Fermi line in
the surface Brillouin zone, that terminates at the Weyl point
momenta [see Fig. 5(c)]. An arc beginning on a Weyl point
of chirality c has to terminate on a Weyl point of the opposite
chirality. Clearly, the net chirality of the Weyl points within
the (λ, kz) torus was a key input in determining the number of
these states. If Weyl points of opposite chirality line up along
the kz direction, then there is a cancellation and no surface
states are expected.

In the calculations for Y2Ir2O7, at U = 1.5 eV, a Dirac
(or Weyl) node is found to occur at the momentum
(0.52,0.52,0.30)2π/a (in the coordinate system aligned with
the cubic lattice of the crystal) and equivalent points (see
Fig. 4). They can be thought of as occurring on the edges of a
cube, with a pair of Dirac nodes of opposite chirality occupying
each edge, as, for example, the points (0.52,0.52,0.30)2π/a
and (0.52,0.52,−0.30)2π/a. For the case of U = 1.5 eV, the
sides of this cube have the length 0.52(4π/a). Thus, the (111)
and (110) surfaces would have surface states connecting the
projected Weyl points [see Fig. 6 for the (110) surface states
and the theoretical expectation for the (111) surface]. If, on
the other hand, we consider the surface orthogonal to the (001)
direction, Weyl points of opposite chirality are projected to the
same surface momentum along the edges of the cube. Thus,
no protected states are expected for this surface.

To verify these theoretical considerations, we have con-
structed a tight-binding model which has features seen in our
electronic structure calculations for Y2Ir2O7. The calculated
(110) surface band structure for the slab of 128 atoms together
with the sketch of the obtained Fermi arcs is shown in Fig. 6.
This figure shows Fermi arcs from both the front and the back
face of the slab, so there are twice as many arcs coming out of
each Weyl point as predicted for a single surface.

The tight-binding model considers only t2g orbitals of Ir
atoms in the global coordinate system. Since Ir atoms form
a tetrahedral network (see Fig. 2), each pair of nearest-
neighboring atoms forms a corresponding σ -like bond whose
hopping integral is denoted as t and another two π -like
bonds whose hopping integrals are denoted as t ′. To sim-
ulate the appearance of the Weyl point it is essential to
include next-nearest-neighbor interactions between t2g orbitals
which are denoted as t ′′. With the parameters t = 0.2, t ′ =
0.5t , t ′′ = −0.2t , the value of the on-site spin-orbit coupling
equal to 2.5t and the applied on-site “Zeeman” splitting of 0.1t
between states parallel and antiparallel to the local quantization
axis of the all-in/all-out configuration we can roughly model
the bulk Weyl semimetal state; when this model is solved on a
lattice with a boundary, the surface states shown in the figure
appear.

V. DISCUSSION

We now discuss how the present theoretical description
compares with experimental facts. We propose that the low-
temperature state of Y2Ir2O7 (and also possibly of A =
Eu, Sm, and Nd iridates) is a Weyl semimetal, with all-
in/all-out magnetic order. This is broadly consistent with the

FIG. 6. (Color online) Surface states. The calculated surface
energy bands correspond to the (110) surface of the pyrochlore
iridate Y2Ir2O7. A tight-binding approximation has been used to
simulate the bulk band structure with three-dimensional Weyl points
as found by our LSDA + U + SO calculation. The plot corresponds
to diagonalizing 128 atoms slab with two surfaces. The upper inset
shows a sketch of the deduced Fermi arcs connecting projected
bulk Weyl points of opposite chirality. The inset below sketches the
theoretically expected surface states on the (111) surface at the Fermi
energy (surface band structure not shown for this case).

interconnection between insulating behavior and magnetism
observed experimentally.9,10 It is also consistent with being
proximate to a metallic phase on lowering the correlation
strength, such as A = Pr (Ref. 17). In the clean limit, a three-
dimensional Weyl semimetal is an electrical insulator and can
potentially account for the observed electrical resistivity. The
noncollinear magnetic order proposed has Ising symmetry
and could undergo a continuous ordering transition. The
observed “spin-glass”-like magnetic signature could perhaps
arise from defects like magnetic domain walls. A direct probe
of magnetism is currently lacking and would shed light on this
key question. At lower values of U , the system may realize
an “axion insulator” phase with a magnetoelectric response
θ = π , although within our calculations (which are known to
underestimate stability of such gapped phases) a Fermi surface
appears before this happens.

In summary, a theoretical phase diagram for the physical
system is shown in Fig. 1 as a function of U and applied
magnetic field, which leads to a metallic state beyond a critical
field. The precise nature of these phase transformations is not
addressed in the present study.

Note: An experimental paper35 appeared recently in which
it is found that the spins in a related compound (Eu2Ir2O7) form
a regularly ordered state rather than a spin-glass, consistent
with our results. It would be interesting to learn whether this
compound is a Weyl metal or not.

205101-7

X. Wan et al, 2011
 AF Weyl semimetal?

D. Pesin + LB, 2010
Topological MI?

r
AFM Weyl 
semimetal

LAB

T

quantum 
critical

L. Savary et al, 2014 -  topological QCP?
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non-lanthanide, R = Y, is denoted by a square.
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By electron counting, these bands should be half-filled, so that if the order of these irreps, in terms

of degeneracies, is 2-2-4 or 4-2-2, a band insulating state may occur, while if the order is 2-4-2,

the 4-dimensional irrep must be half-filled and hence the system cannot be gapped at the band

structure level (see the lowest panel of Figure 5(b)). The former situation was obtained by Ref. 7

based on a phenomenological but ad-hoc Hubbard model for small U . They found a transition from

a semi-metallic ground state to a TI one with increasing the ratio of SOC to hopping. Subsequently,

by ab initio methods, Wan et al. found46 the latter, 2-4-2, ordering of irreps in Y-227. In this case,

a TI is impossible, but other topological phases can occur with increasing correlations. For those

probably not?
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FIG. 2. (Color online) Mean-field phase diagram (toxy = 1) as
a function of U , the Hubbard coupling, and the direct hopping
parameters. The magnetic transitions from the TIs (metal) are first
(second) order.

bulk gap in the former. Second, the magnetic phase transition
resulting from increasing U in the metal (TI) is second (first)
order. Also, the magnetic order emerging from the TIs differs
from the one found upon increasing U in the metal. In the
latter case, we find an all-in/all-out configuration, while in
the former, the ground state is threefold degenerate (modulo
the trivial degeneracy j → − j ): all three states result from the
all-in/all-out state by performing π/2 rotations on the moments
in the unit cell. These rotations occur within either one of the
planes bisecting the three triangles meeting at each corner
of the tetrahedron. The order emergent in both TI states is the
same. In Sec. IV, we discuss how the different magnetic orders
and the position of the transitions are actually connected to the
corresponding ordering in the spin model obtained at large
U : as tσ is tuned, the induced Dzyaloshinskii-Moriya (DM)
interaction alternates between the only two symmetry-allowed
possibilities on the pyrochlore lattice, leading to different
ordering.

C. Topological semimetal

By examining the spectra of the ordered phases, we discover
that the so-called topological semimetal (TSM) is realized23

in the range tσ ! −1.67 and for a finite window of U .
This semimetallic phase has a Fermi “surface” composed of
points, each with a linearly dispersive spectrum of Weyl or
two-component fermions, and may be considered as a three-
dimensional (3D) version of the Dirac points of graphene. The
Hamiltonian near one such Weyl point takes the form

H = v0 · q +
3∑

i=1

vi · qσi , (4)

where q = k − k0 is the deviation from the Weyl point at k0.
The Pauli matrices σi represent the two bands involved in the
touching, not (pseudo)spin. One can assign a chiral “charge” to
these fermions via the triple product of the three velocities: c =
sgn(v1 · v2 × v3). The massless nature of the two-component
Weyl fermions is robust against local perturbations, which is
not the case in two dimensions (2D). As explained in Ref. 11,

FIG. 3. (Color online) Evolution of the spectrum as a function of
U . At intermediate U , in (a), we can see a Weyl point along the # − L

line, while in (b), the spectrum naively seems insulating because the
Weyl points lie away from high-symmetry k points. The dashed line
is the Fermi level.

the only way to introduce a gap is to make two Weyl fermions
with opposite chirality meet at some point in the Brillouin zone
(BZ). For this reason, they are topological objects (see also the
discussion below regarding the surface states). Further details
relating to the TSM can be found in Refs. 11,12,19,24, and 25.

The TSM appears in for both AF orders. In both cases, we
find a total of eight Weyl points coming necessarily in four
inversion-symmetry related pairs. The location and migration
of these Weyl points depends on the magnetic order. Let us
first examine the TSM phase present in the all-in/all-out state.
In this case, the eight Weyl points are born out of the quadratic
touching at the # point as the local moments spontaneously and
continuously acquire a finite value with increasing U > Uc.
Each pair of Weyl points lies on one of the four high-symmetry
lines joining # to the four L points, as can be seen in Fig. 3.
For this reason, we only get 8 touchings, in contrast to Ref. 11,
where 24 Weyl points are obtained. In their case, they live off
the high-symmetry lines so that each point is tripled by the
threefold rotational symmetries about the # − L lines. Weyl
points of opposite chirality annihilate at the four L points as U
is increased. As they annihilate and create a gap, the parities
of the highest occupied states at these TRIMs change sign.

Let us now consider the TSM arising from the TI, where
we again have eight Weyl points. The major difference is that
they do not occur along high-symmetry lines, as can be seen
in Fig. 3. We do not get 24 Weyl points because the magnetic
order breaks the threefold rotational symmetries, which are
preserved by the all-in/all-out state. We have explicitly located
the Weyl points by looking at both the spectrum and density
of states, which shows a characteristic (E − EF )2 scaling.

The Weyl points do not annihilate at TRIMs, in contrast
to the noncollinear TSM. As a result, there is no parity flip
associated with the termination of the TSM phase when, upon
increasing U , the system becomes insulating.

045124-3
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FIG. 1. (color online). (a) Pyrochlore lattice formed by Ir
atoms with arrows representing spin moments in the all-in/all-
out magnetic structure. (b) fcc unit cell with the local coor-
dinate axes and the energy diagram under SOC (⇣) and the
trigonal crystal field (�tri). (c) LDA band structure together
with the density of states projected on the je↵ basis. The
broken line shows the total density of states.

tional [29, 30]. We use the code QMAS (Quantum MA-
terials Simulator) [31], which is based on the projector
augmented wave method [32], and the two-component
formalism [33, 34]. The experimental crystal structure
at 290 K is taken from Ref. 35. In our DMFT calcula-
tions, electron correlation e↵ects are taken into account
by introducing the Slater-Kanamori interaction

Hint =
1

2

X

↵�↵

0
�

0
��

0

U
↵�↵

0
�

0c†
i↵�

c†
i��

0c
i�

0
�

0c
i↵

0
�

(1)

in the standard parameterization U
↵↵↵↵

= U , U
↵�↵�

=
U � 2JH, U

↵��↵

= U
↵↵��

= JH (↵ 6= �), with ↵ (�)
and � (�0) being orbital and spin indices, respectively.
U and JH are the on-site repulsion and the Hund’s cou-
pling, respectively. We choose J/U = 0.1, which is moti-
vated by a first-principles estimate for the related com-
pound Na2IrO3 (U=2.72 eV, JH = 0.23 eV) [27]. Within
DMFT, one has to solve a three-orbital quantum impu-
rity problem with o↵-diagonal and complex hybridization
functions. We employ a numerically exact continuous-
time quantum Monte Carlo impurity solver based on the
hybridization expansion [36, 37]. In previous studies, the
quantum impurity models for 5d electrons have been sim-
plified to avoid a severe sign problem, e.g., by omitting
o↵-diagonal hybridization functions and some interaction
terms in the je↵ basis [38]. Since pyrochlore iridates have
large inter-band hybridizations, we solve our impurity
problem without such approximations. The sign prob-
lem is reduced by rotating the single-particle basis of the
hybridization function [39].

Figure 1(c) shows the computed LDA band structure.
The upper half-filled manifold, which is usually identified
as the je↵=1/2 manifold, has an overlap with the lower
manifold in energy space, although the bands are sepa-
rated at each k point. The je↵=1/2 manifold has four
Kramers degenerate bands since a unit cell contains four
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FIG. 2. (color online). (a) U -T phase diagram. There is a
first-order transition between the magnetic insulator and the
paramagnetic metal at low T and small U . The blue shaded
region denotes the hysteresis region associated with this tran-
sition. The metal-insulator crossover in the high-T param-
agnetic phase is shown by a broken line. The hashed region
represents the first-order Mott transition and its hysteresis
region in paramagnetic DMFT calculations. (b) temperature
dependence of the angular and magnetic moment along the
local [111] axis and the spectral weight at ! = 0. The moment
values of the je↵=1/2 and �1 doublets are shown by dotted
and broken lines, respectively (see the text).

Ir atoms. We constructed a tight-binding model based on
t2g-orbital-like maximally localized Wannier functions.
The SOC ⇣ and the trigonal crystal field �tri are es-
timated to be ⇣ = 0.40 eV and �tri = 0.23 eV [40].
These values are consistent with an estimate by a quan-
tum chemistry calculation [24]. As shown in Fig. 1(b),
the t2g manifold splits into three doublets under ⇣ and
�tri. The wavefunction of the highest doublet �1 is given
by �1± = �0.977|1/2,±1/2i�0.212|3/2,±1/2i in the je↵
basis |je↵ , j111e↵ i. We denote by ĵ111e↵ the e↵ective angu-
lar momentum along the local [111] axis [see Fig. 1(a)].
The |1/2,±1/2i have about 50% reduced spin and or-
bital moments compared to the ideal atomic values 1/3µB

and 2/3µB, because the Wannier functions have substan-
tial weights on neighboring oxygen atoms. On the other
hand, the magnetic moments are enhanced by the hy-
bridization between the je↵=1/2 and je↵=3/2 manifolds
by �tri. As a result, the doublet �1 has spin and orbital
moments of 0.346µB and 0.422µB. To illustrate the ef-
fects of itinerancy, we plot the density of states projected
on the je↵ basis. The contributions of |1/2,±1/2i and
|3/2,±3/2i, which are not mixed by �tri, have compara-
ble weight near the Fermi level, which indicates that the
inter-atomic hybridization also plays a substantial role.

Next, we discuss the U -T phase diagram obtained by
the DMFT calculations [Fig. 2(a)]. There is a dome-
shaped all-in/all-out magnetically ordered phase at large

H. Shinaoka et al, 2015
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FIG. 3. a) The main panel shows the resistivity, and field cooled (FC) and zero field cooled (ZFC)
susceptibilities for Eu-227, while the insert the spontaneous muon oscillation frequency. Data adapted
from Refs. 80 and 81. b) Phase diagram for the pyrochlore iridates R-227 based on transport and
magnetism measurements. (This is a supplemented and modified version of the diagram found in Ref. 78.)
The R-elements that do not have a local magnetic moment are emphasized in bold magenta. The only
non-lanthanide, R = Y, is denoted by a square.

manifold. Therefore, the SOC � splits the t
2g

spinful manifold into a higher energy J
e↵

= 1/2

doublet and a lower J
e↵

= 3/2 quadruplet. In an ionic picture, since Ir4+ has 5 d-electrons, the

J
e↵

= 1/2 doublet is half-filled, and only this orbital is involved in the low energy electronic

structure. More generally, if trigonal splitting is included, the J
e↵

= 3/2 levels are split and mixed

with the J
e↵

= 1/2 ones. In the general case, there is a highest Kramers doublet, whose character

varies with the ratio of SOC to trigonal splitting, between a J
e↵

= 1/2 doublet and a S = 1/2 one.

A band structure view is complementary to the ionic picture as we now discuss. If only the

highest doublet is involved, we expect 4 two-fold degenerate bands near the Fermi energy, as

there are 4 Ir per unit cell. As discussed by Wan et al.

46 and Yang et al.,51 it is instructive to

consider their structure at the � point. Due to cubic symmetry, the 8 Bloch states at this point

decompose into 2 two-dimensional irreducible representations (irreps) and 1 four-dimensional irrep.

By electron counting, these bands should be half-filled, so that if the order of these irreps, in terms

of degeneracies, is 2-2-4 or 4-2-2, a band insulating state may occur, while if the order is 2-4-2,

the 4-dimensional irrep must be half-filled and hence the system cannot be gapped at the band

structure level (see the lowest panel of Figure 5(b)). The former situation was obtained by Ref. 7

based on a phenomenological but ad-hoc Hubbard model for small U . They found a transition from

a semi-metallic ground state to a TI one with increasing the ratio of SOC to hopping. Subsequently,

by ab initio methods, Wan et al. found46 the latter, 2-4-2, ordering of irreps in Y-227. In this case,

a TI is impossible, but other topological phases can occur with increasing correlations. For those
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[10,12–14], while Pr2Ir2O7 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 Nd2Ir2O7 and its Rh-doped analogs
Nd2ðIr1"xRhxÞ2O7. 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
Nd2ðIr1"xRhxÞ2O7 with x ¼ 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 Nd2Ir2O7

(x ¼ 0) is shown in Fig. 1(a), along with those for x¼0:02,
0.05, and 0.10. First, we focus on the MIT in Nd2Ir2O7

(x ¼ 0). With lowering temperature, the resistivity for
x ¼ 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 TN, 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 !-type peak at TN in the
specific heat curve for x ¼ 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 ln2, 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

Nd2Ir2O7 (x ¼ 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,

FIG. 2 (color online). (a) Optical conductivity spectra at vari-
ous temperatures for Nd2Ir2O7. 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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[10,12–14], while Pr2Ir2O7 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 Nd2Ir2O7 and its Rh-doped analogs
Nd2ðIr1"xRhxÞ2O7. 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
Nd2ðIr1"xRhxÞ2O7 with x ¼ 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 Nd2Ir2O7

(x ¼ 0) is shown in Fig. 1(a), along with those for x¼0:02,
0.05, and 0.10. First, we focus on the MIT in Nd2Ir2O7

(x ¼ 0). With lowering temperature, the resistivity for
x ¼ 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 TN, 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 !-type peak at TN in the
specific heat curve for x ¼ 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 ln2, 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

Nd2Ir2O7 (x ¼ 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,

FIG. 2 (color online). (a) Optical conductivity spectra at vari-
ous temperatures for Nd2Ir2O7. 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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If quasiparticle picture applies at low energy, a weakly 
ordered AIAO state must be a Weyl semimetal

✦ Not weakly ordered?
✦ No quasiparticles?
✦ Weyl with very small DOS?



Weak or not?

Weyl points move to zone boundary and annihilate with increasing order?

WAN, TURNER, VISHWANATH, AND SAVRASOV PHYSICAL REVIEW B 83, 205101 (2011)

it was shown that the insulating ground states evolve from a
high-temperature metallic phase via a magnetic transition.9,10

The magnetism was shown to arise from the Ir sites, since it
also occurs in A = Y, Lu, where the A sites are nonmagnetic.
While its precise nature remains unknown, ferromagnetic
ordering is considered unlikely, since magnetic hysteresis is
not observed.

We show that electronic structure calculations can naturally
account for this evolution and point to a novel ground state.
First, we find that magnetic moments order on the Ir sites
in a noncollinear pattern with moment on a tetrahedron
pointing all in or all out from the center. This structure retains
inversion symmetry, a fact that greatly aids the electronic
structure analysis. While the magnetic pattern remains fixed,
the electronic properties evolve with correlation strength. For
weak correlations, or in the absence of magnetic order, a
metal is obtained, in contrast to the interesting topological
insulator scenario of Ref. 8. With strong correlations we find
a Mott insulator with all-in/all-out magnetic order. However,
for the case of intermediate correlations, relevant to Y2Ir2O7,
the electronic ground state is found to be a Weyl semimetal,
with linearly dispersing Dirac nodes at the chemical potential
and other properties described above.

We also mention the possibility of an exotic insulating
phase emerging when the Weyl points annihilate in pairs
as the correlations are reduced; we call it the θ = π axion
insulator. Although our LSDA + U + SO calculations find
that a metallic phase intervenes before this possibility is
realized, we note that local-density approximation (LDA)
systematically underestimates gaps, so this scenario could well
occur in reality. Finally, we mention that modest magnetic
fields could induce a reorientation of the magnetic moments,
leading to a metallic phase. Previous studies include Ref. 18, an
ab initio study which considered ferromagnetism. In Ref. 19,
the tight-binding model of Ref. 8 was extended to include
tetragonal crystal fields, but in the absence of magnetism. The
topological Dirac metal and axion insulator discussed here do
not appear in those works, largely due to the difference of
magnetic order from our study.

We begin by giving a brief overview of the theoretical
ideas that will be invoked in this work, before turning to our
LSDA + U calculations of magnetic and electronic structure
of the pyrochlore iridates. We then discuss the special surface
states that arise in the Weyl semimetal phase and close with
a comparison to existing experiments and conclusions. Our
results are summarized in the phase diagram Fig. 1.

I. WEYL SEMIMETALS AND INVERSION-SYMMETRIC
INSULATORS

Weyl points are points where the valence band and
conduction band touch. The excitations near each Weyl point
k0 are described by an effective Hamiltonian:

HD = E01 + v0 · q1 +
3∑

i=1

vi · qσi . (1)

Energy is measured from the chemical potential, q = k − k0
and (1, σi) are the identity matrix and three Pauli matrices,
respectively. This Hamiltonian is obtained by expanding the

FIG. 1. (Color online) Sketch of the predicted phase diagram
for pyrochlore iridiates. The horizontal axis corresponds to the
increasing interaction among Ir 5d electrons while the vertical axis
corresponds to external magnetic field, which can trigger a transition
out of the noncollinear “all-in/all-out” ground state, which has several
electronic phases.

full Hamiltonian to linear order. No assumptions are needed
beyond the requirement that the two eigenvalues become
degenerate at k0. The velocity vectors vi are generically
nonvanishing and linearly independent. The energy dispersion

is conelike, $E = v0 · q ±
√∑3

i=1(vi · q)2. One can assign a
chirality (or chiral charge) c = ±1 to the fermions defined as
c = sgn(v1 · v2 × v3). Note that, since the 2 × 2 Pauli matrices
appear, our Weyl particles are two-component fermions. In
contrast to regular four component Dirac fermions, it is not
possible to introduce a mass gap. The only way for these modes
to disappear is if they meet with another two-component Weyl
fermion in the Brillouin zone, but with opposite chiral charge.
Thus, they are topological objects. By inversion symmetry, the
band touchings come in pairs, at k0 and −k0, and these have
opposite chiralities (since the velocity vectors are reversed).

This semimetallic behavior would not occur (generically)
in a system without magnetic order. In materials such as
bismuth, with both time reversal and inversion symmetry,
Dirac fermions always contain both left- and right-handed
components and are thus typically gapped.20

When the compound has stoichiometric composition, and
all the Weyl points are related by symmetry, the Fermi energy
can generically line up with the energy of the touching points.
Under these circumstances, the density of states is equal to
zero and the behavior of the Weyl fermions controls the
low-temperature physics of the solid. For example, the ac
conductivity should have a particular frequency dependence,
and novel types of surface states should occur, as discussed
below. Because of the symmetry relating the Weyl points,
their energies E0 must coincide. Then, the Fermi energy is
fixed at the touching points because of the Kohn-Luttinger
theorem: At stoichiometry, there are an integer number of
electrons per unit cell. Hence, the Kohn-Luttinger theorem
implies that the volume of particlelike minus holelike Fermi
surfaces must be a multiple of the volume of the Brillouin

205101-2
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FIG. 2. (Color online) Mean-field phase diagram (toxy = 1) as
a function of U , the Hubbard coupling, and the direct hopping
parameters. The magnetic transitions from the TIs (metal) are first
(second) order.

bulk gap in the former. Second, the magnetic phase transition
resulting from increasing U in the metal (TI) is second (first)
order. Also, the magnetic order emerging from the TIs differs
from the one found upon increasing U in the metal. In the
latter case, we find an all-in/all-out configuration, while in
the former, the ground state is threefold degenerate (modulo
the trivial degeneracy j → − j ): all three states result from the
all-in/all-out state by performing π/2 rotations on the moments
in the unit cell. These rotations occur within either one of the
planes bisecting the three triangles meeting at each corner
of the tetrahedron. The order emergent in both TI states is the
same. In Sec. IV, we discuss how the different magnetic orders
and the position of the transitions are actually connected to the
corresponding ordering in the spin model obtained at large
U : as tσ is tuned, the induced Dzyaloshinskii-Moriya (DM)
interaction alternates between the only two symmetry-allowed
possibilities on the pyrochlore lattice, leading to different
ordering.

C. Topological semimetal

By examining the spectra of the ordered phases, we discover
that the so-called topological semimetal (TSM) is realized23

in the range tσ ! −1.67 and for a finite window of U .
This semimetallic phase has a Fermi “surface” composed of
points, each with a linearly dispersive spectrum of Weyl or
two-component fermions, and may be considered as a three-
dimensional (3D) version of the Dirac points of graphene. The
Hamiltonian near one such Weyl point takes the form

H = v0 · q +
3∑

i=1

vi · qσi , (4)

where q = k − k0 is the deviation from the Weyl point at k0.
The Pauli matrices σi represent the two bands involved in the
touching, not (pseudo)spin. One can assign a chiral “charge” to
these fermions via the triple product of the three velocities: c =
sgn(v1 · v2 × v3). The massless nature of the two-component
Weyl fermions is robust against local perturbations, which is
not the case in two dimensions (2D). As explained in Ref. 11,

FIG. 3. (Color online) Evolution of the spectrum as a function of
U . At intermediate U , in (a), we can see a Weyl point along the # − L

line, while in (b), the spectrum naively seems insulating because the
Weyl points lie away from high-symmetry k points. The dashed line
is the Fermi level.

the only way to introduce a gap is to make two Weyl fermions
with opposite chirality meet at some point in the Brillouin zone
(BZ). For this reason, they are topological objects (see also the
discussion below regarding the surface states). Further details
relating to the TSM can be found in Refs. 11,12,19,24, and 25.

The TSM appears in for both AF orders. In both cases, we
find a total of eight Weyl points coming necessarily in four
inversion-symmetry related pairs. The location and migration
of these Weyl points depends on the magnetic order. Let us
first examine the TSM phase present in the all-in/all-out state.
In this case, the eight Weyl points are born out of the quadratic
touching at the # point as the local moments spontaneously and
continuously acquire a finite value with increasing U > Uc.
Each pair of Weyl points lies on one of the four high-symmetry
lines joining # to the four L points, as can be seen in Fig. 3.
For this reason, we only get 8 touchings, in contrast to Ref. 11,
where 24 Weyl points are obtained. In their case, they live off
the high-symmetry lines so that each point is tripled by the
threefold rotational symmetries about the # − L lines. Weyl
points of opposite chirality annihilate at the four L points as U
is increased. As they annihilate and create a gap, the parities
of the highest occupied states at these TRIMs change sign.

Let us now consider the TSM arising from the TI, where
we again have eight Weyl points. The major difference is that
they do not occur along high-symmetry lines, as can be seen
in Fig. 3. We do not get 24 Weyl points because the magnetic
order breaks the threefold rotational symmetries, which are
preserved by the all-in/all-out state. We have explicitly located
the Weyl points by looking at both the spectrum and density
of states, which shows a characteristic (E − EF )2 scaling.

The Weyl points do not annihilate at TRIMs, in contrast
to the noncollinear TSM. As a result, there is no parity flip
associated with the termination of the TSM phase when, upon
increasing U , the system becomes insulating.

045124-3
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Could this have happened already for Nd?



Transport

•Seems to be true insulator with hard gap
• thermal transition appears continuous
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To explore this in more 
detail, let’s look at 
transport
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•However, abrupt first order transition 
appears at low T in a field

• Insulator-metal transition only occurs for 
fields along (100)
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Metal-Insulator Transition

• First order transition at low temperature: mechanism of 
MIT is vanishing of condensation energy, not gap closing.

• Anisotropy: clear indication that Nd plays a direct role in 
the MIT - probably this is a unique feature for R=Nd

Zhaoming Tian et al, Nature Physics, 2015



Nd physics

tIr,UIr ~ 1eV

JIr-f ~ 10 meV

Jf-f ~ .1meV

Ir

Nd

•Much of gap (45meV) is due to Nd-Ir 
exchange

•Intrinsic g-tensor anisotropy of Nd 
explains anisotropy of MIT

(100) field achieves maximum Nd polarization of 2in-2out type, “opposite” to AIAO Ising order



Anisotropy
• Nd sensitivity to direction is transferred to Ir
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Figure 3: Magnetization curve along ⟨100⟩ and ⟨111⟩ for (a) Nd and (b) Ir
moments. The parameters used for Ir bands are: toxy = 1.0, tσ = −1.1, tπ =
−2tσ/3, t′σ = 0.02tσ, t′π = 0.02tπ, U = 0.6, and µ(Ir) = 1.0. For Nd moments,
following coupling constants are used: Gz1 = −5.706 × 10−2, Gz2 = −1.854 ×
10−2, Gx1 = 6.0× 10−3, Gx2 = 0.0, Gy = 1.0× 10−2, and µ(Nd) = 5.0.
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Hartree-Fock on Hubbard
+Kondo lattice model

HK =
X

ia

~Si · Jia · ~⌧a acts like heff ~10meV local field on Ir

• heff is significant for Nd case
• can explain the anisotropy

11

(a)

⇥
⇥

⇥
⇥ ⇥ ⇥

⇥ ⇥

⇥

⇥

��

LuYb
Ho
Y
DyTbGdEu Sm

Nd

Pr

MetalNon⇥Metal

Magnetic Ins.

100 105 110 115
0

50

100

150

200

R3� ionic radius �pm⇥
T
�K⇥

MetalMetalNon

Pr

Nd

Sm
GdTbDyHoYbLu

Y

Eu

Magnetic Ins.

(b)

FIG. 3. a) The main panel shows the resistivity, and field cooled (FC) and zero field cooled (ZFC)
susceptibilities for Eu-227, while the insert the spontaneous muon oscillation frequency. Data adapted
from Refs. 80 and 81. b) Phase diagram for the pyrochlore iridates R-227 based on transport and
magnetism measurements. (This is a supplemented and modified version of the diagram found in Ref. 78.)
The R-elements that do not have a local magnetic moment are emphasized in bold magenta. The only
non-lanthanide, R = Y, is denoted by a square.

manifold. Therefore, the SOC � splits the t
2g

spinful manifold into a higher energy J
e↵

= 1/2

doublet and a lower J
e↵

= 3/2 quadruplet. In an ionic picture, since Ir4+ has 5 d-electrons, the

J
e↵

= 1/2 doublet is half-filled, and only this orbital is involved in the low energy electronic

structure. More generally, if trigonal splitting is included, the J
e↵

= 3/2 levels are split and mixed

with the J
e↵

= 1/2 ones. In the general case, there is a highest Kramers doublet, whose character

varies with the ratio of SOC to trigonal splitting, between a J
e↵

= 1/2 doublet and a S = 1/2 one.

A band structure view is complementary to the ionic picture as we now discuss. If only the

highest doublet is involved, we expect 4 two-fold degenerate bands near the Fermi energy, as

there are 4 Ir per unit cell. As discussed by Wan et al.

46 and Yang et al.,51 it is instructive to

consider their structure at the � point. Due to cubic symmetry, the 8 Bloch states at this point

decompose into 2 two-dimensional irreducible representations (irreps) and 1 four-dimensional irrep.

By electron counting, these bands should be half-filled, so that if the order of these irreps, in terms

of degeneracies, is 2-2-4 or 4-2-2, a band insulating state may occur, while if the order is 2-4-2,

the 4-dimensional irrep must be half-filled and hence the system cannot be gapped at the band

structure level (see the lowest panel of Figure 5(b)). The former situation was obtained by Ref. 7

based on a phenomenological but ad-hoc Hubbard model for small U . They found a transition from

a semi-metallic ground state to a TI one with increasing the ratio of SOC to hopping. Subsequently,

by ab initio methods, Wan et al. found46 the latter, 2-4-2, ordering of irreps in Y-227. In this case,

a TI is impossible, but other topological phases can occur with increasing correlations. For those



Domains
• Large magnetic moment of Nd allows 
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Fig. 1. Microwave impedance microscopy (MIM) reveals conductive  magnetic 

domain walls in Nd2Ir2O7. (A) 4-terminal resistance of a macroscopic polycrystal taken 

during zero-field warming after cooling in zero field (untrained) and 9 T field (trained) 

from 50 K. (B) Illustration of MIM scanning setup on polished polycrystal Nd2Ir2O7, 

showing the spin configuration of AIAO order and its AIAO/AOAI variations. Domain 

walls can exist between the two variations. (C) 18 x 18 µm MIM image of a polished 

Nd2Ir2O7 polycrystal surface, after zero field cool from 40 K to 4.7 K. Higher MIM signal 

corresponds to a higher local conductivity. The dotted lines are grain boundaries and the 

dark spots are voids between grains, which can be identified in higher temperature scans 

(Fig. S1B, C). Curvilinear features much more conductive than the bulk are observed in all 

grains, and are identified as AIAO magnetic domain walls. They either form closed loops 

or terminate at the grain boundaries, sometimes in close proximity (yellow arrows). (D) 

Same region (with a small offset) after a thermal cycle to 40 K and back to 4.7 K in zero 

E. Y. Ma et al, 2015

conducting domain walls!

local conductivity



Quasiparticles?
• Already observed bandwidth reduction 

in Pr2Ir2O7 - what happens for Nd?
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FIG. 4: (a1-c1) Temperature evolution of symmetrized EDCs
for three samples (MI19K, MI25K, and MI36K) measured at
the � point. (d1) The same data as in (c1), before sym-
metrization. (a2-d2) The same data as in (a1-c1) without
an o↵set. (e) Temperature dependence of spectral wight loss
(W

loss

) near E
F

. The W
loss

is determined as a negative area of
di↵erence spectra as shown in the inset. (f) Temperature de-
pendence of the magnitude of energy gap (arrows in (a1-c1))
estimated from the spectral peak positions in (a1-c1).

band gap insulator, implying that magnetic order triggers
it [49]. This is actually compatible with a recent discov-
ery of the metal transition driven by an external magnetic
field in Nd

2

Ir
2

O
7

[46, 47], revealing that a destruction of
all-in all-out magnetic configuration restores the metal-
lic transport. With a further decrease of temperature,
our data shows that the quasiparticle peak significantly
suppressed, and it totally disappears at the lowest tem-
perature, leaving only a broad spectrum. This variation
is also visible in the raw EDCs (Fig. 4(d1)). As extracted
in Fig. 4(f), the gap magnitude reaches ⇠30-40meV
at the lowest temperature (T=1K), which is compara-
ble with that estimated by the optical conductivity [32].

We emphasize that the gap formation in Nd
2

Ir
2

O
7

di↵ers
from the Mott insulating case of Nd

2

IrO
3

[33] showing no
change in the gap value across the magnetic transition
temperature. Rather the Nd

2

Ir
2

O
7

seems to stay in the
intermediate regime between Slater-type and Mott-type
insulators, as proposed for the layered iridates [50–53].
The peak suppression is examined in Fig. 4(a2-d2) for

more details, where the spectra of Fig. 4(a1-d1) are nor-
malized to the intensities around -0.3eV and overlapped
with each other. The spectral weight at E

F

is gradu-
ally depleted on cooling down to the lowest temperature.
This feature is more clearly demonstrated in Fig. 4(e) by
plotting a spectral loss near E

F

(W
loss

) associated with
the gap formation; we subtract the spectral intensities
at the highest temperature from those at lower temper-
atures, and estimate an energy integration of negative
values in the di↵erence spectra for each temperature (see
the inset of Fig. 4(e)). The pseudogap-like spectral loss
signifies that the band gap insulator emerging just below
T
MI

develops to Mott insulator in the ground state.
Theory predicts that the all-in all-out magnetic order

converts the semimetallic phase with a quadratic band-
touching to a Weyl semimetal [6, 7, 21, 40]. The clear in-
dication for it was, however, not detected in our ARPES
measurements, presumably because of the following mul-
tiple limitations. Firstly, this state is predicted to be very
sensitive to the Hubbard repulsion U; that is, the Weyl
points move from the � point toward the zone boundary
to pairwise annihilate before an insulating phase eventu-
ally appears at a su�cient U. Consequently the quanti-
tative width of the Weyl state can be extremely narrow
in phase space [17]. Likewise, the Weyl points should
promptly migrate along the (111) direction with temper-
ature, which causes a di�culty in their detection.
The Mott-type localization might also limit the Weyl

semimetal phase in an even narrower phase space. Ac-
cording to the DMFT calculations [48], the Weyl state
is easily taken over by the correlation-induced Mott in-
sulator at low temperatures. Importantly our ARPES
data show such an electron localization with poorly de-
fined excitations at low temperatures. Nonetheless, our
data show that the energy gap opens while maintaining
the quasiparticle peak in the spectra (see Figs.4(a-c)),
even though this situation is fulfilled only slightly be-
low T

MI

. This implies that there is a crossover from
Slater- to Mott-type insulating state in the magnetic
phase in Nd

2

Ir
2

O
7

, and the well-defined excitations of
Weyl fermions should be limited in a very narrow re-
gion of temperature, where the quasiparticles can sur-
vive. While the spin-resolved ARPES would be able to
distinguish these states, it is beyond the scope of this
paper.
In conclusion, we use ARPES and find that the metal-

lic state of Nd
2

Ir
2

O
7

has a quadratic Fermi node touching
the Fermi level at �. We observe a drastic variation in
the spectral shape upon cooling through the transition
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FIG. 2: (a) Brillouin zone for Nd
2

Ir
2

O
7

. (b) Band dispersion
map crossing �, divided by the Fermi function at the mea-
sured temperature (T=75K). The arrow indicates the inten-
sities implying an expected conduction-band. EDCs (T=15K)
measured at (k

x

, k
y

)=(0,0) with low-energy photons (c1) and
high-energy photons (d1), corresponding to k

(111)

s in the 1st
and 3rd Brillouin zone, respectively. (c2,d2) The same data
as in (c1) and (d2), respectively, but symmetrized about E

F

.
Arrows and bars mark peaks in the spectra.

the metallic phase of pyrochlore iridiates.

The special features of Nd
2

Ir
2

O
7

beyond those of
Pr

2

Ir
2

O
7

are expected to be observed in the magnetic
phase. In Fig. 3, we examine the temperature evolu-
tion of band dispersion through T

MI

, measured along a
momentum cut across � (a light blue arrow in the inset
of Fig.3(c)). Figure 3(a1) plot the dispersion maps for
MI36K symmetrized about E

F

. To visualize the temper-
ature variation more clearly, we take the 2nd derivative
for these images in Fig. 3(a2). We find that the Fermi
node state becomes gapped with decreasing temperature
below T

MI

(⇠ 36K). The temperature variation is also
seen in the Fermi surface mapping along a k

x

� k
y

sheet
(red plane in the inset of Fig.3(c)); the strong intensity
at � coming from the Fermi node (Fig. 3(d1), T=50K)
vanishes below T

MI

(Fig. 3(d2), T=11K). This behavior
is further examined in Figs. 3(b1) and 3(b2), where the
spectra for T = 47K and 1K are extracted from the im-
ages in Fig.3(a1). The electronic structure in the metallic
phase (Fig. 3(b1)) consists of well-defined quasiparticle
peaks (red bars). In contrast, the insulating phase (Fig.
3(b2)) shows non-dispersive flat band, and only the broad
spectra lacking long-lived elections are detected, pointing
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FIG. 3: (a1) Band dispersion map crossing � at h⌫=10.5eV
(a light blue arrow in the inset of (c)) for various tempera-
tures. The images are symmetrized about E

F

. Blue dashed
curves are a guide for eyes on the band dispersion. (a2) Sec-
ond derivative of the images in (a1). (b1,b2) Symmetrized
EDCs extracted from the images in (a1) for the metallic phase
(T=47K) and the insulating phase (T=1K), respectively. (c)
Temperature dependence of the band dispersion determined
from the spectral peaks or shoulders (red bars in (b1) and
(b2)). (d1,d2) Spectral intensities at E

F

along a momentum
sheet crossing � (red region in the inset of (c)), measured
for the metallic phase (T = 50K) and the insulating phase
(T =11K), respectively.

to the correlation-induced Mott localization. This cir-
cumstance contrasts to the insulating phase of Sr

2

IrO
4

with a clear dispersion of relatively sharp spectra [2]. The
transition with temperature is exhibited in Fig. 3(c), at
which the band dispersions determined from the spectral
peaks (or shoulders) are plotted.

In order to clarify the nature of gap formation
in Nd

2

Ir
2

O
7

, we investigate the detailed variation of
spectral-shape at � upon cooling through the magnetic
transition. Figure 4(a1-c1) plot the symmetrized EDCs
from above to below T

MI

for the three samples (MI19K,
MI25K, and MI36K). The single peak seen in the spec-
tra splits to two peaks (black arrows) upon cooling be-
low T

MI

. Please note that the tracing of peak posi-
tions slightly underestimate the “real” onset temperature
of the gap, especially in the 3D materials with spectra
broadened due to an imperfect sample surface and the k

z

broadening in ARPES. Still we find that the gap opening
occurs with an energy shift of quasiparticle peaks as in a

T>Tc: like Pr

T=Tc: no precursor - Slater

T < Tc: gap developing

T << Tc: remarkably flat

loss of quasiparticle peak

Slater to Mott 
crossover?

M. Nakayama  et al, unpublished-- coming soon!

In strong Mott localized regime non-trivial band topology is unlikely



• Pyrochlore iridates show a 
rich phenomenology with 
nodal and gapped states, 
metal-insulator transitions, 
and strong anisotropic 
response

• Correlations induce 
antiferromagnetism but also 
Mott localization, which, 
helped by Nd f-moments, 
seems to subdue the Weyl 
fermions expected from the 
former alone

• Quite a bit still to explore!  
Correlated materials prove 
surprising and challenging
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