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Spin-Orbit Coupling

• Once an afterthought in solid state physics 
(c.f. Ashcroft-Mermin), SOC is now a 
recognized driving force for new phenomena

• Band-like systems: topological insulators, Weyl 
semimetals, anomalous Hall effect, Majorana 
fermions...

• Localized systems: (quantum) spin ice, 
Heisenberg-Kitaev model, multiferroics,...

interactions 
unnecessary

interactions 
crucial
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 Iridates

Introduction
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Ir4+: 5d5 Conduction electrons

Ln3+: (4f)n Localized moment
Magnetic frustration

Itinerant electron system 
on the pyrochlore lattice 

Ir[t2g]+O[2p] conduction band

Metal Insulator Transition
(Ln=Nd, Sm, Eu, Gd, Tb, Dy, Ho)

K. Matsuhira et al. : J. Phys. Soc. Jpn. 76 (2007) 043706.
(Ln=Nd, Sm, Eu)

IrO6

Ln

O!

pyrochlore oxides

1
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Na2IrO3

R2Ir2O7

• All energy scales comparable U ~ W ~ λ

pyrochlores

Sr2IrO4 Sr3Ir2O7
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Why?

• Exploration:

• SOC-assisted Mott regime is relatively 
little studied

• Ideal venue for new experimental tools - 
RIXS

• Many theoretical ideas

U/t

λ/t

iridates

strong SO Mott 
insulators



Theoretical 
motivations

• Exotic interacting topological insulators

• Unusual magnetic interactions

• Alternative to Jahn-Teller and avoiding 
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Interacting TIs

• The explosion in TI research is based on 
understanding of uncorrelated electrons

• Theoretically, many more related phases 
can be realized only in interacting systems



Interacting TIs

...

Theoretically, many phases related to TIs can be 
realized only in interacting systems 

D. Pesin+LB, 2010
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challenge is to find realistic candidate materials
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Local picture

j=1/2

j=3/2

Ir4+=5d5

λSO ≈ 0.5eV

t2g

octahedral 
coordination

j=1/2 states?

May be complicated by non-cubic crystal fields and by hybridization, 
but this seems a good starting point for many iridates

B. J Kim et al, Science (2009)Gang Chen + 
LB, PRB (2008)

G. Jackeli + G. Khaliullin, PRL (2009)

iridates

strong SO Mott 
insulators



Exotic interactions

G. Jackeli et al., PRL 102, 017205 (2009)

|Jz
eff = 1

2 � =
1√
3
(|xy, ↑� − |yz, ↓�+ i|xz, ↓�)

• Local moment picture

• Strong spin-orbital entanglement leads to 
exotic spin interactions

• Highly dependent upon Ir-O-Ir bond 
angles, crystal field environment, and 
Hund’s coupling



Exotic interactions

Gang Chen + LB, 
PRB (2008)Na4Ir3O8

G. Jackeli + G. Khaliullin, PRL (2009)Na2IrO3
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FIG. 1: The hyper-kagomé lattice of Ir4+ spins, with one
classical ground state of the strong anisotropy Hamiltonian
shown. Though this particular ground state is collinear, other
ground states are not.

! and considerable uncertainties in estimating the non-
cubic energy splittings, it is di!cult to estimate the over-
all magnitude of the DM terms, but there is no reason
they need be particularly small, though the perturbative
estimates are presumably valid only for |Di| < J ! 0.1
or so. A näıve estimation is obtained by noting that
in this limit the ratios of DM to exchange are expected
to be of the same order as the shift of the g-factor,
i.e. |Di|/J ! |1 " |g|/2|. From the measured moment
µeff # 1.9µB = |g|µB , assuming we are in this limit
would give |Di|/J ! 0.05 or so. In Sec. IV, we consid-
ered the strong anisotropy Hamiltonian, Eq. (1) in the
classical approximation. Remarkably, unlike the Heisen-
berg model which is macroscopically degenerate (i.e. its
ground states are specified by a number of continuous
parameters proportional to the number of spins), the
system in this limit has an almost unique ground state.
We find a continuous two parameter manifold of ground
states, in which any one spin can be specified arbitrar-
ily after which all others are determined. This is still a
(small) accidental degeneracy, since the system has itself
only discrete (space-group and time-reversal) symmetries
which do not protect any continuous degeneracies. Nev-
ertheless, this degeneracy is presumably insu!cient to
prevent ordering in a classical system. The behavior in
the physical S = 1/2 quantum problem is not known,
but one would expect that an ordered phase of the same
symmetry as the classical one is rather likely, and there is
little reason to suppose a significant suppression of the or-
dering temperature relative to the Curie-Weiss scale. The
disagreement of these expectations with the experimen-
tal observations suggests that it is the weakly-anisotropic
DM Hamiltonian rather than this one which is most ap-
propriate. We however return to this question in more
detail in Sec. VII.

In Sec. V, we turn to the weak anisotropy limit, and
first explore the classical phase diagram of Eq. (2). In
general, even this optimization problem is highly non-
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FIG. 2: (Color online) The “windmill” state, which is the
classical ground state in the weak anisotropy limit when D2 <
0. It is also the basis vector !2 (Table. V) of one dimensional

representation !(1)
2 (see Eq. (62)). In the generic system with

non-zero D1, D3, the spins are slightly canted out of the plane
of each triangle.

trivial, given the large unit cell of the hyper-kagomé lat-
tice, and the possibility that the magnetic unit cell of
the ground states may be yet larger. In the special case
D1 = D3 = 0 and D2 < 0, however, it is possible to
solve this problem exactly. The degeneracy is broken
completely to a single Kramer’s pair of coplanar ground
states, for which the magnetic unit cell is equal to the
crystallographic one. These may in this sense be con-
sidered k = (0, 0, 0) states. One is drawn in Fig.2. We
call this the “windmill” state. By several approximate
methods, we establish the form of the phase diagram in
the general D1-D2-D3 parameter space. Generically the
windmill state distorts to a “canted windmill” state (still
with k = (0, 0, 0)), occupying a finite region of the phase
diagram. In addition, one finds a wide range of incom-
mensurate phase, in which the ordering wavevector k is
non-zero and generically irrational in reciprocal lattice
coordinates. Owing to the breaking of space group sym-
metries, the incommensurate phase retains more of the
frustration-induced degeneracy.

A key question is whether the DM interactions, ex-
pected on physical grounds and invoked phenomenolog-
ically to explain the experimental properties discussed
above, are consistent with the observed spin liquid behav-
ior of Na4Ir3O8, i.e. the lack of any ordering down to the
very low temperatures of T # 1.8K = "CW /360. The
breaking of degeneracy by DM might be expected to re-
duce quantum fluctuations and thereby lead to ordering,
in conflict with experiment. To study this possibility, we
carried out spin wave calculations of the excitation gap
and the quantum correction to the classical ordered mo-
ment. Indeed, we find that deep inside the k = (0, 0, 0)
phases, the quantum correction is not too large, which
leads us to expect that the spin-1/2 system exhibits the

competition of Ir-Ir and Ir-O-Ir exchange
frustrated incommensurate and spin 

liquid states possible

Kitaev-like exchanges
Spin liquid to striped antiferromagnets



Exotic interactions
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• Nearest-neighbor Hamiltonian for arbitrary 
Kramer’s doublets on pyrochlore lattice

Explored actively in rare earth systems: 
spin ices, spin liquids, order by disorder...
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• Nearest-neighbor Hamiltonian for arbitrary 
Kramer’s doublets on pyrochlore lattice

One may wonder if the insulating ground state of iridates 
is adiabatically connected to a ground state of this model
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Emulating cuprates

• Can one duplicate cuprate physics by 
reproducing single-band Hubbard?

• Problem: orbital degeneracy

Orbital Order and Possible Superconductivity in LaNiO3=LaMO3 Superlattices

Jiřı́ Chaloupka1,2 and Giniyat Khaliullin1

1Max-Planck-Institut für Festkörperforschung, Heisenbergstrasse 1, D-70569 Stuttgart, Germany
2Institute of Condensed Matter Physics, Masaryk University, Kotlářská 2, 61137 Brno, Czech Republic

(Received 3 July 2007; published 10 January 2008)

A hypothetical layered oxide La2NiMO6 where NiO2 and MO2 planes alternate along the c axis of
ABO3 perovskite lattice is considered theoretically. Here, M denotes a trivalent cation Al, Ga,. . . such that
MO2 planes are insulating and suppress the c-axis charge transfer. We predict that correlated eg electrons
in the NiO2 planes develop a planar x2-y2 orbital order driven by the reduced dimensionality and further
supported by epitaxial strain from the substrate. Low-energy electronic states can be mapped to a single-
band t! t0 ! J model, suggesting favorable conditions for high-Tc superconductivity.

DOI: 10.1103/PhysRevLett.100.016404 PACS numbers: 71.27.+a, 74.78.Fk, 75.30.Et

Despite decades of extensive research, cuprates remain
the only compounds to date hosting the high-temperature
superconductivity (SC). On empirical grounds, the key
electronic and structural elements that support high Tc
values are well known—no orbital degeneracy, spin one-
half, quasi two-dimensionality (2D), and strong antiferro-
magnetic (AF) correlations. While these properties are
partially realized in various materials (e.g., layered cobal-
tates), only cuprates possess all of them.

A unique feature of the high-Tc cuprates is the presence
of an extended doping interval 0:05 & ! & 0:20 where the
correlated electron maintains its (plane-wave–localized-
particle) duality, and both fermionic and spin statistics may
operate in physically relevant energy scales. The multi-
faceted behavior of electrons results in an exotic ‘‘normal’’
state of the cuprates with ill-defined quasiparticles, pseu-
dogap, etc., which condenses into the superconducting
state below Tc. There are a number of strongly correlated
metallic oxides [1] based on S " 1=2 3d ions as Ti3# and
V4# (both with a single t2g electron), Co4# (a t2g hole) and
Ni3# (closed t2g shell plus one eg electron) that possess a
low-spin state in octahedral environment. These com-
pounds show a great diversity of physical properties [1];
however, the mysterious strange-metal phase from which
anomalous SC may emerge is missing.

Apart from dimensionality, the orbital degeneracy is ‘‘to
blame’’ here. Originating from high symmetry of the
MeO6 octahedron—a common building block of both
pseudocubic and layered perovskites,—the orbital degen-
eracy enlarges the Hilbert space and relaxes kinematical
constraints on the electron motion. Consequently, a fermi-
onic coherency is enhanced and doping induced insulator-
metal transitions occur without a reference to the pseudo-
gap phase. For example, in La1!xSrxTiO3 the formation of
a three-band, correlated Fermi liquid completes within just
a few percent doping range near x$ 0:05 [2].

The orbital degeneracy strongly reduces AF correlations
(believed to be crucial in cuprate physics), as electrons are
allowed to have parallel spins residing on the different or-
bitals. This leads to competing Ferro- and AF-interactions

that result in a rich variety of magnetic states in S " 1=2
oxides such as RTiO3, NaxCoO2, Sr2CoO4, RNiO3,
NaNiO2. In contrast, spin correlations in single-band cup-
rates are of AF nature exclusively and hence strong.

How to suppress the orbital degeneracy and promote
cupratelike physics in other S " 1=2 oxides? In this
Letter, we suggest and argue theoretically that this goal
can be achieved in oxide superlattices. Specifically, we
focus on Ni-based superlattices (see Fig. 1) which can be
fabricated using recent advances in oxide heterostructure
technology ([3–5] and references therein). While the pro-
posed compound has a pseudocubic ABO3 structure, its
low-energy electronic states are confined to the NiO2
planes and, hence, are of a quasi-2D nature. A substrate
induced compression of the NiO6 octahedra further stabil-
izes the x2-y2 orbital. Net effect is a strong enhancement of

substrate

a

c

b

(a) (b)

(c)

(d)

2NiO

2MO

MO2
Ni

Ti

Ni

Ga

Ni

Al

LaO

LaO

FIG. 1. (a) Superlattice La2NiMO6 with alternating NiO2 and
MO2 planes. MO2 layers suppress the c-axis hopping resulting in
2D electronic structure. Arrows indicate the c-axis compression
of the NiO6 octahedron imposed by tensile epitaxial strain and
supported by Jahn-Teller coupling. (b) ,(c), (d) Strain-induced
stretching of the NiO2 planes occurs when superlattices with
M " Al, Ga, Ti are grown on SrTiO3 or LaGaO3 substrates
having large lattice parameter compared to that of LaNiO3.
Expected deformations are indicated by arrows.

PRL 100, 016404 (2008) P H Y S I C A L R E V I E W L E T T E R S week ending
11 JANUARY 2008

0031-9007=08=100(1)=016404(4) 016404-1 ! 2008 The American Physical Society

Chaloupka + 
Khaliullin, 2008



Emulating cuprates

• Can one duplicate cuprate physics by 
reproducing single-band Hubbard?

• Problem: orbital degeneracy

Orbital Order and Possible Superconductivity in LaNiO3=LaMO3 Superlattices
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j=1/2 solves the problem?

Fa Wang + Senthil, 
2010



Gap and magnetism

3

from the scattering plane, where mx = my = m/
!
2

and mz = 0. The expected ratio of the !! to "! channels,
I!""!/I!"!! , is 1.07, which shows a good agreement with
the observed intensities.
The magnetic di!use scattering above TN showed a

considerable enhancement only at the LIII edge as ob-
served for Bragg reflections below TN [2], which evidences
that the Je! = 1/2 state is robust even in the param-
agnetic state. Together with the insulating behavior of
resistivity above TN, Je! = 1/2 Mott state is firmly es-
tablished.
The magnetic di!use scattering in Fig. 1 (d) is strongly

anisotropic, very streaky along the l-direction (out-of-
plane), apparently indicative of a two-dimensional fluc-
tuation. The in-plane intensity profile (h, 0, 22) and the
out-of-plane intensity profile (1, 0, l) are demonstrated in
Figs. 2 (a) and (b) [10], respectively. Surprisingly, the
in-plane profile is sharp and the line-width does not ap-
preciably change with temperature. Even at 244 K, 15.5
K above TN, the half width at the half maximum of the
di!use peak is as sharp as " 0.01 r.l.u., which yields a
large in-plane correlation length #a " 140a0 (a0: Ir-Ir dis-
tance). This implies the presence of a large in-plane cou-
pling, with an energy scale at least substantially larger
than the thermal energy " 200 K. In contrast, at the
same temperature of 244 K, the broad di!use scattering
along the l -direction with a half width greater than 1
r.l.u. yields an estimate of the out-of-plane correlation
length #c < c = 4c0, the magnetic unit-cell length in
the ordered state. Those clearly indicate that the cor-
relations are quite two-dimensional and that large two-
dimensional antiferromagnetic domains are realized even
well above TN. Upon cooling and critically approaching
TN = 228.5 K, the line profiles along the l-direction are
rapidly narrowed as shown in Fig. 2 (b), implying con-
trasting growth of three-dimensional correlations towards
the long range ordering. The system, however, appears
to remain yet two-dimensional at least down to 1-2 K
above TN, in that critical narrowing of the profile along
the in-plane direction is not yet observed.
The observation is in striking parallel to those ob-

served in a layered cuprate La2CuO4, a prototypical
S = 1/2 square-lattice Heisenberg antiferromagnet with
a very weak inter-layer coupling. In La2CuO4, the two-
dimensional spin correlations dominate above TN and
the correlation length well develops to over " 100 lat-
tice spacings, reflecting large in-plane superexchange cou-
pling between neighboring S = 1/2 spins, J " 0.13
eV [11].
To analyze the data further beyond the qualitative ar-

gument, we show in Fig. 3 the temperature evolution of
the in-plane correlation length #a and the out-of-plane
#c obtained by the Lorentzian fitting of the peak pro-
files shown in Figs. 2 (a) and (b) [12]. While the out-
of-plane correlation #c appears to show a critical diver-
gence, which can be fitted with #c # ((T $ TN)/TN)

"#

FIG. 2: Resonant magnetic scattering profiles around (1, 0,
22) magnetic superlattice reflection along the inplane (a) and
the out-of-plane (b) directions between 227 K (= TN ! 1.5
K) and 254 K (= TN + 25.5 K). Baselines of the profiles for
T " 249 K (a) and T " 244 K (b) are shifted. Arrows in (a)
indicate the half maximum for each di!use scattering profile.

with $ = 0.748, the in-plane correlation #a shows much
more moderate temperature dependence, suggestive of
a quantum fluctuation of isospins. If the in-plane mag-
netic coupling of Je! = 1/2 isospins were to have either
strong XY or Ising anisotropy and the long range order-
ing at TN = 228.5 K were predominantly driven by such
an anisotropy, a Berezinskii-Kosterlitz-Thouless (BKT)
transition or a two-dimensional Ising transition would oc-
cur. Then, #a would show a critical divergence, following
#a # exp (1.5(T $ TN))

"1/2 (BKT) or #a # 1/(T $ TN)
(Ising). The best-fitted curves to these exponential or
power-law divergences show fatal contradictions to the
observed #a, as shown in Fig. 3.

FIG. 3: Temperature evolutions of in-plane (!a) and out-of-
plane (!c) spin correlation lengths obtained by a Lorentzian
fitting of scattering profiles shown in Fig. 2. Solid lines are
fitted curves to theoretically obtained temperature depen-
dence of !a in the square lattice antiferromagnet calculated by
S = 1/2 quantum Heisenberg model (Chakravarty et al. and
Makivic [13, 14]) (red), Ising (blue), and XY (green) models.

The absence of critical enhancement of #a near TN

S. Fujiyama et al, 2012
S. J Moon et al. PRL 2009 !

S. J. Moon et al, 2009
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FIG. 1. (Color online) Topography and atomic structure. A
20×20 nm2 topographic image taken with −300 mV and 5 pA
at 80 K (a) and its Fourier transform (c). The black arrows
indicate the a and b axes of the crystal lattice. Green (gray)
and blue (dark) arrows indicate two Sr-related defects. (b)
Schematic diagram of the first SrO and second IrO2 layers of
a cleaved surface. The square lattice in (a) correspond to Sr
in top layer.

were acquired using the standard lock-in technique. For
this data a high quality junction with a work function
of 3.6 ± 0.2 eV was verified since this is necessary for
measurements with bias voltages almost as high as ±1
V. Furthermore, we chose Sr2IrO4 because it cleaves be-
tween two atomic layers leaving a charged balanced sur-
face, unlike the different surface terminations in materials
like the 122 Fe-based superconductors [26]. Due to the
insulating nature of this material (ρ ≥ 104 Ω ·cm at 4
K) measurements with high temperature and with large
junction resistance (> 10 GΩ) are necessary to only min-
imally perturb the surfaces (see below) and to maintain
the stability of the tunneling junctions.

In this letter, we present the first atomically re-
solved topographic [27] and local spectroscopic studies
in Sr2IrO4, uncovering an insulating gap as large as 620
meV. We have also studied the topography of the defects
with different junction resistances, and further measured
the LDOS variation with respect to the defects and to
the tip-sample separation. The existence of these defects
and their influence can explain why other experiments
have been observing different gap values.

After cleaved, Sr2IrO4 shows a SrO layer on the sur-
face. Fig. 1a shows a 20×20 nm2 constant-current image
taken with −300 mV and 5 pA, in which we can easily
see the Sr square lattice (Fig. 1b). The Fourier transform
(Fig. 1c) of this topographic image shows four strong
atomic peaks, confirming that this high quality surface is
free of reconstruction. Together with the atomic lattice,
the sample also shows a small number of defects with the
most evident type being the dark patches (see below).

Shown in Fig. 2a is an LDOS spectrum measured by
averaging ∼1300 spectra taken over a 2×2 nm2 area
that did not include any apparent defects. The negative

sample-bias side of the LDOS, corresponding to the occu-
pied states, shows no distinct feature that can be related
to the lower Hubbard band (LHB) of Jeff = 1/2 band
down to −1 eV (Fig. 2b). This observation may seem
to contrast with the double-peak structure observed in
optical conductivity measurements [23]. However, these
measurements in insulators are sensitive to excitons [28]
and Kim et al. [29] have pointed out that the double-
peak seen in the optical conductivity are not due to the
quartet band and the LHB. Additionally, in the related
compounds Na2IrO3 and Li2IrO3, the importance of ex-
citonic effects have been shown in a recent RIXS study
[30]. It is therefore likely that the LHB is overlapping
with rather than separate from the quartet band, in good
agreement with calculations done by LDA+DMFT [17]
and by variational cluster approximation [14]. Accord-
ing to Watanabe et al. [14], the LHB is entirely en-
closed by the quartet band. This overlap implies that
the strong SOC limit and single-band models are inade-
quate for Sr2IrO4 and many-body effect should be taken
into account.

The insulating gap from our tunneling spectra is about

FIG. 2. (Color online) The large intrinsic energy gap. (a)
LDOS measured by averaging 36×36 spectra over the 2×2
nm2 area indicated by the black square in the topographic
image (inset). The dashed lines are drawn to indicate the
band edges at −150 mV and +470 mV. Data was taken with
-300 mV and 10 pA and ac modulation of 8 mVrms at 2.2 kHz.
(b) and (c) LDOS taken at different ‘intrinsic’ locations away
from the defects, (b) without and (c) with the slow rise. (d)
Diagram showing energy bands with two important features:
the 620 meV insulating gap and the overlap between the LHB
and the Jeff =3/2 (quartet) band.

J. Dai et al, 2013
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Pseudogap

• Recent ARPES measurements show Fermi 
surface evolution with doping with some 
striking similarities to cuprates

MAR13-2012-020380
Abstract for an Invited Paper
for the MAR13 Meeting of

the American Physical Society

Exotic Physics from Doping a Strongly Spin-Orbit Coupled Mott Insulator
YUE CAO, University of Colorado at Boulder

Doping a Mott insulator, as in the case of high Tc cuprates, has given rise to many exotic physics in the doping diagram,
such as the pseudogap, Fermi arc and vortex phase. An important topic in these strongly correlated systems is to distinguish
the properties that are intrinsic to the Mott physics from those that are materials specific. Recent studies of Sr2IrO4, whose
Mottness requires strong spin orbit coupling, provide a new venue to look into the topic, where the spin, orbital, charge and
lattice degrees of freedom interact. Using ARPES we studied the evolution of the electronic structure of Sr2IrO4 with both
Rh and La doping. We show that the Rh substitution acts as immobile e!ective local holes, without a strong renormalization
of the overall band structure, while La acts as an electron dopant. Particularly interesting is the lightly hole-doped regime,
which showcases some of the same exotic physics as seen in the cuprates, including pseudogaps and Fermi arcs. By observing
the scattering rate evolution as a function of energy and temperature, we confirm the non-Fermi liquid nature of the Fermi
arc.
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Theoretical 
motivations

• Exotic interacting topological insulators

• Unusual magnetic interactions

• Alternative to Jahn-Teller and avoiding 
orbital degeneracy

• New types of metal-insulator transitions
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FIG. 1. (Color online) Phase diagram as a function of the stag-
gered potential between layers m. The product of parity eigenvalues
for the filled bands are denoted by (±) for each time-reversal
invariant-momentum (TRIM) point. When m is finite, the line node
becomes a nodal point located between U and R. This node gets shifted
toward R (as indicated by the red arrow) as m increases until it reaches
mc1, after which a full gap appears. Beyond mc1, the system turns into
a strong topological insulator with indices !0; (!1!2!3) = 1; (001).
At mc2, the gap closes at the Z point, and the system becomes a
topologically trivial band insulator for m > mc2.

atoms with a different oxygen environment and corresponds
to blue = (",#), red = (!",!#), yellow = (",!#), and
green = (!",#).

A. Symmetries of Pbnm

The Pbnm structure, in addition to inversion, has the
following symmetries: a b glide, an n glide, and an m reflection.
Here the a axis is given by the (1̄10) direction, the b axis by the
(110) direction, and the c axis is concordant with the z axis.

The b glide is represented by a reflection of the a axis
(mirror b–c plane at a = 1/4) followed by a translation along
the b axis. The n glide is represented by a reflection of the b axis
(mirror a–c plane at b = 1/4) followed by a translation along
the a axis and another one along the c axis. The m reflection
is represented by a reflection of the c axis (mirror a–b plane at
c = 1/4). These symmetry operators are denoted by $̂b, $̂n,
and $̂m, respectively. The effect of these operations on the Ir

FIG. 2. (Color online) Crystal structure for SrIrO3 from a side
view. The different colors of blue (B), red (R), yellow (Y), and green
(G) represent Ir atoms with different oxygen environment. These four
Ir atoms form a unit cell.

TABLE I. Effect of Pbnm symmetry operations on states.

Lattice (kx ,ky ,kz) (dxz,dyz,dxy) Spin (",#)

$̂b %x (ky ,kx ,kz) (dyz,dxz,dxy) (ei&/4#,ei3&/4")
$̂n %x!x (!ky,!kx ,kz) (!dyz,!dxz,dxy) (e!i&/4#,!ei&/4")
$̂m !x (kx ,ky,!kz) (!dxz,!dyz,dxy) (i",!i#)

atom position, the crystal momentum, the orbitals, and the spin
is given in Table I. Here the % and ! Pauli matrices represent
the two sublattice indices, with % for the in-plane sublattice
(i.e., blue and red or yellow and green) and ! for the sublayer
one (i.e., blue and yellow or red and green).

Since the J = 1/2 basis can be written as

|Jz = ±1/2$ = 1%
3

(|dyz, & s$ ± i|dxz, & s$ ± |dxy,±s$),

the orbital and spin (s) transformation can be written for the
pseudospin J = 1/2 using the ' Pauli matrices. Doing so, we
can summarize the Pbnm symmetry operations as

$̂b = i%
2

('x ! 'y)%x kb,

$̂n = i%
2

('x + 'y)!x%x kn, (1)

$̂m = i'z!x km,

where kb, kn, and km are the operators that act on the crystal
momentum as shown in the third column of Table I.

B. First-principles calculations

Density functional theory25,26 calculations including Hub-
bard U interaction and SOC have been performed using the
full-potential linearized augmented-plane-wave (FP-LAPW)
method as implemented in the elk code.27 We used the
Ceperley-Alder form of the local-density approximation
(LDA)28 as parametrized by Perdew and Zunger29 and used the
“around mean field” (AMF) scheme30 for the double-counting
correction to the electron-electron interaction. To see the
effects of reduction or enhancement of the SOC, we simply
multiply the corresponding SOC term in the Hamiltonian with
a factor (; ( = 0 means no SOC and ( = 1 means atomic SOC
as implemented by the elk code. In the FP-LAPW method, real
space is divided into spheres around the atoms (muffin tins)
and interstitials elsewhere. In our calculations, the muffin-tin
radii determined automatically by the elk code are 1.86, 2.08,
and 1.51 a.u. for strontium (Sr), iridium (Ir), and oxygen
(O), respectively. The basis set we used consists of APW
functions with angular momentum l up to eight and plane
waves with cutoff energy equal to 231.3 eV. The number of
empty states in the basis set in the second variational step
was 10. Brillouin zone integrations were performed using a
3 ' 3 ' 3 grid, which is equivalent to using 10 points in the
irreducible part of the Brillouin zone. We only used U for the
5d orbitals of the Iridium atoms.

The computed band structures for U = 2.0 eV with ( = 0
and 2 are shown in Fig. 3. Note that SOC significantly changes
the band structure. In particular near the Fermi energy, the
bands are mostly composed of J eff = 1/2 states for ( = 2.

115105-2
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Pyrochlore iridates

• Series of materials shows systematic MITs
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B

A

T -linear contribution in C!T " is known to be attributed to
spin wave excitations for one-dimensional antiferromagnets;
it is di!cult for the pyrochlore lattice to induce a T -linear
contribution. As another possible origin for T -linear
contribution in C!T " in the insulating state, Anderson
localization may be considered.35) Further investigation is
required to reveal the origin of the T -linear contribution.

Now we will discuss the Ln dependence of the entropy
associated with the MIT (!S). To estimate !S, a smooth
polynomial was fitted to the data outside the region of the
anomaly; these fitting lines (broken line) for Ln = Nd, Sm,
and Eu are shown in Figs. 5(a), 6(a), and 6(b), respectively.
The background contribution was subtracted from the raw
data; the electronic portions of the C=T (!C=T ) for
Ln = Sm and Eu are shown in the inset. By integrating
!C=T , we obtained !S # 0:47, 2.0, and 1.4 J/(K$mole) for
Ln = Nd, Sm, and Eu, respectively. !S is much smaller
than 2R ln 2. If we assume that a localized 5d electron from
Ir4% ions with S # 1=2 causes a conventional magnetic
transition, we can expect a change in entropy of 2R ln 2 #
11:5 J/(K$mole). The reduction in the amount of change in
entropy is considered to be caused by a short-range ordering
due to frustration or a reduction in magnetic moment due to
the itinerancy of 5d electrons. Next, recently, the Raman
scattering spectra of Ln2Ir2O7 for Ln = Nd, Sm, and Eu
have been measured.36) Below TMI, new peaks appear for
Ln = Sm and Eu, but no remarkable change is seen for
Ln = Nd. The result indicates that Sm2Ir2O7 and Eu2Ir2O7

accompany a structural change with MIT, but this does not
occur with Nd2Ir2O7. Therefore, the !S for Ln = Sm and
Eu involve the lattice contribution. Indeed, !S for Ln = Nd
is smaller than those for Ln = Sm and Eu. If we consider
this !S in Ln = Nd to be caused by only the electronic
contribution without the lattice contribution, we can estimate
the electronic specific heat coe!cient above TMI ! # 14mJ/
(K2$mole) by the relation ! # !S=TMI. As Sm2Ir2O7 and
Eu2Ir2O7 are both semimetallic from the behaviors of their
"!T " and S!T ", it is speculated that the ! for Ln = Sm and
Eu are smaller than that for Ln = Nd.

3.5 Phase diagram
Figure 7 shows the phase diagram of Ln2Ir2O7, which is

based on the Ln3% ionic radius dependence of TMI; the ionic
radius of Ln3% is for an 8-coordination-number site. TMI

monotonically increases as the ionic radius of Ln3%

decreases. Obviously, TMI does not depend on the de Gennes
factor !gJ & 1"2J!J % 1" or the magnetism of Ln3%. This
MIT is not associated with the magnetic ordering of Ln3%.
For T > TMI, Ln = Pr and Nd are metallic. Then, Ln = Sm,
Eu and Gd are semimetallic and Ln = Tb, Dy, and Ho are
semiconducting. Ln = Pr is a unique metal located near the
critical point of MIT. In this figure, the extrapolation
between Ln = Nd and Pr is based on a recent result for
resistivity in the solid solution (Pr1&xNdx)2Ir2O7.

37) From
the result, the substitution of Pr by 20% Nd leads to MIT
at around 3K; below TMI, the increasing resistivity in this
sample is suppressed, and resistivity reaches a finite value at
lower temperatures.

Next, we discuss the phase diagram of Ln2Ir2O7 in
comparison with that of other rare-earth pyrochlore oxides.
The phase diagrams of Ln2Mo2O7 [Mo4%: (4d)2] have

already been reported.38–40) Now, we point out the di"erence
in the phase diagram between Ir and Mo pyrochlore oxides.
As is described in the introduction, as the ionic radius of
Ln3% decreases, the electrical conductivity in Ln2Mo2O7

becomes semiconducting. Interestingly, the magnetic transi-
tion of Ln2Mo2O7 goes from the spin glass insulating state
(Ln = Gd, Tb, Dy, and Ho) to the ferromagnetic metallic
state (Ln = Eu, Sm, and Nd) as the ionic radius of Ln3%

increases; the ferromagnetic transition comes from 4d
electrons. Although the spin glass transition temperature Tg
is independent of Ln (Tg ' 20K), the ferromagnetic
transition temperature increases as the ionic radius of Ln3%

increases. In addition, semiconducting Ln2Ru2O7 [Ru4%:
(4d)4] shows the frustrated AFM transition originating from
4d electrons.41) The Néel temperature TN monotonically
increases from TN # 84K for Ln = Yb to TN # 160K for
Ln = Pr as the ionic radius of Ln3% increases. The present
result shows that the magnetic transition (or MIT) in
Ln2Ir2O7 decreases as the ionic radius of Ln3% increases.
Then, the opposite dependence of the ionic radius of Ln3% on
the magnetic transition temperature is realized in Ln2Ir2O7.
It is speculated that the di"erence in their phase diagrams is
due to the feature of the 5d electron system, which has a
strong spin–orbit interaction and a reduced on-site Coulomb
repulsion in comparison with the 4d electron system.21)

Further theoretical study is needed to understand this phase
diagram in Ln2Ir2O7.

4. Conclusions

We report the physical properties (resistivity, thermo-
electric power, magnetization, and specific heat) of Ln2Ir2O7

for Ln = Nd, Sm, Eu, Gd, Tb, Dy, and Ho. Ln2Ir2O7 for
Ln = Nd, Sm, and Eu show MITs at 33, 117, and 120K,
respectively. In this study, we revealed that Ln2Ir2O7 for
Ln = Gd, Tb, Dy, and Ho exhibit MITs at 127, 132, 134,
and 141K, respectively. These MITs in Ln2Ir2O7 has
some common features: They are second-order transitions
since no thermal hysteresis or no discontinuous change
in their physical properties is observed at TMI. Under
the FC condition, a weak ferromagnetic component
('10&3 #B/f.u.) caused by 5d electrons from Ir is observed
below TMI. The entropy associated with MIT supports the

Fig. 7. (Color online) Phase diagram of Ln2Ir2O7 based on Ln3% ionic
radius dependence of TMI.
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FIG. 3. (a) Representative short-time asymmetry data taken from
GPS for Y-227 with curves offset for clarity and solid lines
representing fits to Eq. (1). (b) FFT of the asymmetry data smoothed
to highlight evolution of the peak.

of the data [Fig. 1(c)] showed excellent agreement with
previously reported values; we did not observe any evidence
of long-range order or structural transitions down to T = 3 K.
However, neutron studies of small-moment iridates often
require single-crystal measurements to resolve correlated spin
scattering. Conservatively, this powder measurement places an
upper limit of the Ir4+ ordered moment to be below 0.5 µB
based on the collected statistics and the resolution of the
diffractometer.

µSR provides an excellent means of further probing the
local magnetic order due to the large gyromagnetic ratio of
the muon (!µ/2" = 135.5 MHz/T) which makes it possible to
detect static fields of a few Gauss or less while simultaneously
probing spin dynamics and correlations in the MHz regime.14

Sample asymmetry curves showing the early time behavior
from PSI are shown in Fig. 3(a) for Y-227 and Fig. 4(a) for
Yb-227. The most significant feature is the appearance of
spontaneous muon spin precessions below TLRO = 150 and
130 K for Y-227 and Yb-227, respectively. These data signify
the presence of a static local magnetic field !Bloc" at the muon
site. Furthermore, the oscillations are well defined indicating
commensurate order with a single magnetically unique muon-
stopping site. The resultant asymmetry curves were fit by
the simple depolarization function for a magnetically ordered

FIG. 4. (a) Representative short-time asymmetry data taken from
GPS for Yb-227 with curves offset for clarity, and solid line
representing fits to Eq. (1). (b) FFT of asymmetry data.

polycrystal, as used in Ref. 5 for Eu-227:

A(t) = A1 exp[#(#t)$] cos(%t + &) + A2 exp(#'t). (1)

The first component describes the oscillations from the
muon spin precessing about a spontaneous static local
field with frequency %µ/2" = !Bloc"!µ/2" and damping
described by a stretched exponential with characteristic rate
# and $ < 1. The second component describes the relatively
slower longitudinal relaxation due to spin-lattice relaxation or
fluctuations of the local moments. Because this component
also reflects muons for which the initial muon polarization is
parallel to the internal field at the stopping site, we expect the
fraction of slow relaxing asymmetry to the total asymmetry
( = A2/(A1 + A2) = 1/3 at temperatures well below the
ordering temperature, and indeed we find that ( = 0.30(2)
and 0.35(1) for Y-227 and Yb-227, respectively, when T =
1.8 K. The phase factor & was found to be rather large for a
system described by a single oscillatory frequency; however,
suitable fits for both samples at all temperatures were obtained
by fixing & to #20$, the value obtained at 1.5 K.

For Y-227, the temperature dependence of %µ as determined
from fitting to Eq. (1) is shown in the top panel of Fig. 5.
The onset of muon spin precession occurs near TLRO and
the precession frequency increases monotonically, reaching

FIG. 5. Temperature dependence of the parameters extracted
from fitting Eq (1) for Y-227. Closed symbols represent data from
GPS, while open symbols are from EMU. TOP: %µ/2" with ( inset;
the solid line is a mean-field fit, as described in the text. MIDDLE:
#, solid lines are guides for the eyes. BOTTOM: ' from both GPS
and EMU.
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Spontaneous oscillations in muSR implies 
commensurate order
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• Also shows continuous metal-insulator 
transition

• Maybe continuous MITs are common in 5d 
systems? Not particular to j=1/2

Cd2Os2O7
 
 
 
 
 
 

 

  
 
Figure 1. (a) Oscillation photograph at the Os L2 edge at 100 K. Arrow shows the reflection, which 
is forbidden in Fd-3m. (b) X-ray absorption spectra near the Os L3 edge at room temperature and 
the energy dependence of the 006 reflection intensity in the !-"’ polarization (# = -47°) at 10 K.  
 
 

  
Figure 2. Temperature dependence of the intensity of 006 magnetic reflection in the !-"’ channel at 
# = -47°, where the intensity is normalized by that at 10 K. The solid line represents the fitting by 
the power law expression for the second-order transition. 

calculation (not yet experimentally confirmed) [14]. We also believe that the spin arrangement in the 
present compound is primarily related to the lattice symmetry and the SO interaction. 

4. Summary 
Pyrochlore oxide Cd2Os2O7 exhibits the second-order type of metal-insulator transition at 227 K. 

The commensurate magnetic structure with the propagation vector k = (0, 0, 0) and the unique 
magnetic moment in the low-temperature phase was determined by the resonant X-ray scattering and 
the synchrotron-radiation based Mössbauer measurements. We propose that the feature of the 5d-
electrons with the strong spin-orbit interaction notably emerges due to the spin arrangement and the 
insulating mechanism in this compound. 
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Pyrochlore iridates

• Series of materials shows systematic MITs

Introduction
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Ln2Ir2O7

Ir4+: 5d5 Conduction electrons

Ln3+: (4f)n Localized moment
Magnetic frustration

Itinerant electron system 
on the pyrochlore lattice 

Ir[t2g]+O[2p] conduction band

Metal Insulator Transition
(Ln=Nd, Sm, Eu, Gd, Tb, Dy, Ho)

K. Matsuhira et al. : J. Phys. Soc. Jpn. 76 (2007) 043706.
(Ln=Nd, Sm, Eu)

IrO6

Ln

O!

pyrochlore oxides

1

B

A

T -linear contribution in C!T " is known to be attributed to
spin wave excitations for one-dimensional antiferromagnets;
it is di!cult for the pyrochlore lattice to induce a T -linear
contribution. As another possible origin for T -linear
contribution in C!T " in the insulating state, Anderson
localization may be considered.35) Further investigation is
required to reveal the origin of the T -linear contribution.

Now we will discuss the Ln dependence of the entropy
associated with the MIT (!S). To estimate !S, a smooth
polynomial was fitted to the data outside the region of the
anomaly; these fitting lines (broken line) for Ln = Nd, Sm,
and Eu are shown in Figs. 5(a), 6(a), and 6(b), respectively.
The background contribution was subtracted from the raw
data; the electronic portions of the C=T (!C=T ) for
Ln = Sm and Eu are shown in the inset. By integrating
!C=T , we obtained !S # 0:47, 2.0, and 1.4 J/(K$mole) for
Ln = Nd, Sm, and Eu, respectively. !S is much smaller
than 2R ln 2. If we assume that a localized 5d electron from
Ir4% ions with S # 1=2 causes a conventional magnetic
transition, we can expect a change in entropy of 2R ln 2 #
11:5 J/(K$mole). The reduction in the amount of change in
entropy is considered to be caused by a short-range ordering
due to frustration or a reduction in magnetic moment due to
the itinerancy of 5d electrons. Next, recently, the Raman
scattering spectra of Ln2Ir2O7 for Ln = Nd, Sm, and Eu
have been measured.36) Below TMI, new peaks appear for
Ln = Sm and Eu, but no remarkable change is seen for
Ln = Nd. The result indicates that Sm2Ir2O7 and Eu2Ir2O7

accompany a structural change with MIT, but this does not
occur with Nd2Ir2O7. Therefore, the !S for Ln = Sm and
Eu involve the lattice contribution. Indeed, !S for Ln = Nd
is smaller than those for Ln = Sm and Eu. If we consider
this !S in Ln = Nd to be caused by only the electronic
contribution without the lattice contribution, we can estimate
the electronic specific heat coe!cient above TMI ! # 14mJ/
(K2$mole) by the relation ! # !S=TMI. As Sm2Ir2O7 and
Eu2Ir2O7 are both semimetallic from the behaviors of their
"!T " and S!T ", it is speculated that the ! for Ln = Sm and
Eu are smaller than that for Ln = Nd.

3.5 Phase diagram
Figure 7 shows the phase diagram of Ln2Ir2O7, which is

based on the Ln3% ionic radius dependence of TMI; the ionic
radius of Ln3% is for an 8-coordination-number site. TMI

monotonically increases as the ionic radius of Ln3%

decreases. Obviously, TMI does not depend on the de Gennes
factor !gJ & 1"2J!J % 1" or the magnetism of Ln3%. This
MIT is not associated with the magnetic ordering of Ln3%.
For T > TMI, Ln = Pr and Nd are metallic. Then, Ln = Sm,
Eu and Gd are semimetallic and Ln = Tb, Dy, and Ho are
semiconducting. Ln = Pr is a unique metal located near the
critical point of MIT. In this figure, the extrapolation
between Ln = Nd and Pr is based on a recent result for
resistivity in the solid solution (Pr1&xNdx)2Ir2O7.

37) From
the result, the substitution of Pr by 20% Nd leads to MIT
at around 3K; below TMI, the increasing resistivity in this
sample is suppressed, and resistivity reaches a finite value at
lower temperatures.

Next, we discuss the phase diagram of Ln2Ir2O7 in
comparison with that of other rare-earth pyrochlore oxides.
The phase diagrams of Ln2Mo2O7 [Mo4%: (4d)2] have

already been reported.38–40) Now, we point out the di"erence
in the phase diagram between Ir and Mo pyrochlore oxides.
As is described in the introduction, as the ionic radius of
Ln3% decreases, the electrical conductivity in Ln2Mo2O7

becomes semiconducting. Interestingly, the magnetic transi-
tion of Ln2Mo2O7 goes from the spin glass insulating state
(Ln = Gd, Tb, Dy, and Ho) to the ferromagnetic metallic
state (Ln = Eu, Sm, and Nd) as the ionic radius of Ln3%

increases; the ferromagnetic transition comes from 4d
electrons. Although the spin glass transition temperature Tg
is independent of Ln (Tg ' 20K), the ferromagnetic
transition temperature increases as the ionic radius of Ln3%

increases. In addition, semiconducting Ln2Ru2O7 [Ru4%:
(4d)4] shows the frustrated AFM transition originating from
4d electrons.41) The Néel temperature TN monotonically
increases from TN # 84K for Ln = Yb to TN # 160K for
Ln = Pr as the ionic radius of Ln3% increases. The present
result shows that the magnetic transition (or MIT) in
Ln2Ir2O7 decreases as the ionic radius of Ln3% increases.
Then, the opposite dependence of the ionic radius of Ln3% on
the magnetic transition temperature is realized in Ln2Ir2O7.
It is speculated that the di"erence in their phase diagrams is
due to the feature of the 5d electron system, which has a
strong spin–orbit interaction and a reduced on-site Coulomb
repulsion in comparison with the 4d electron system.21)

Further theoretical study is needed to understand this phase
diagram in Ln2Ir2O7.

4. Conclusions

We report the physical properties (resistivity, thermo-
electric power, magnetization, and specific heat) of Ln2Ir2O7

for Ln = Nd, Sm, Eu, Gd, Tb, Dy, and Ho. Ln2Ir2O7 for
Ln = Nd, Sm, and Eu show MITs at 33, 117, and 120K,
respectively. In this study, we revealed that Ln2Ir2O7 for
Ln = Gd, Tb, Dy, and Ho exhibit MITs at 127, 132, 134,
and 141K, respectively. These MITs in Ln2Ir2O7 has
some common features: They are second-order transitions
since no thermal hysteresis or no discontinuous change
in their physical properties is observed at TMI. Under
the FC condition, a weak ferromagnetic component
('10&3 #B/f.u.) caused by 5d electrons from Ir is observed
below TMI. The entropy associated with MIT supports the

Fig. 7. (Color online) Phase diagram of Ln2Ir2O7 based on Ln3% ionic
radius dependence of TMI.
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Pr2Ir2O7

• “Frustrated Kondo lattice”

• NFL power laws in χ, cv, χ3, ρ

• Low Hall density

normalizing the AF interaction to j!Wj ! 1:7 K. Below
j!Wj, the underscreened moments show spin-liquid behav-
ior as indicated by the lnT dependence of the susceptibility
and the T1=2 dependence of the specific heat, as predicted
for a frustrated Kondo lattice [6,7].

Single crystals of Pr2Ir2O7 of 1 mm3 in size were grown
using a flux method for the first time at Kyoto [9]. A
standard four-probe method was employed for resistivity
measurements. Magnetotransport measurements were per-
formed at the NHMFL dc field facility using a sample
rotator. Specific heat CP was measured by the thermal
relaxation method down to 0.35 K. Magnetization mea-
surements between 1.8 and 350 K were performed using a
commercial SQUID magnetometer. Magnetization be-
tween 0.07 and 2.5 K and at fields up to 13 T was measured
by the Faraday balance method using a dilution refrigerator
at ISSP [10]. Single crystal four-axis x-ray diffraction
analysis performed at LSU confirmed a well-ordered py-
rochlore structure with Fd-3m symmetry with a !
10:3940"4# !A (300 K) and 10.3850(4) Å (105 K) [9].
Energy dispersive x-ray analysis measurements found no
trace of impurities.

The metallic transport of Pr2Ir2O7 is shown in Fig. 1.
No anisotropy was found with respect to the current
direction. The resistivity ""T# steeply decreases on cool-
ing and saturates at a large residual resistivity "0 $
360 #" cm. On the other hand, a carrier density of 2:6%
1020 cm&3 (1:8%=Pr ), estimated from our preliminary
Hall effect measurements at low T, yields a mobility of
$70 cm2=V sec for a single carrier model. This confirms
the high quality of our single crystals, and shows that the
low carrier density is the origin of the large "0.

The crystal electric field (CEF) scheme of Pr3' has been
determined by inelastic neutron scattering measurements
at 5 K [11]. Our analysis reveals the following two points:
(i) nine multiplet levels of Pr3' split into a ground-state
doublet, three excited-singlets (162, 1218, 1392 K) and
two excited doublets (580, 1044 K); and (ii) the #3 ground-
state doublet is magnetic with local h111i Ising anisotropy
whose strength is $160 K. Because of the large separation
between CEF levels, the magnetism discussed below
comes solely from the ground doublet.

The inverse susceptibility "$& $0#&1"T# is shown in
Fig. 1. No anisotropy is found under a field of 0.1 T
applied along (100), (110), and (111). $0!1:25%
10&3 emu=mole-Pr is determined by a Curie-Weiss (CW)
analysis above 100 K using the formula $ ! $0 ' C="T &
T*#. This agrees with the sum of the Van Vleck term ($vv!
7:0%10&4 emu=mole-Pr), as estimated from the above
CEF scheme, and a Pauli paramagnetic term ($p $ 5:0%
10&4 emu=mole-Ir) from the Ir 5d-conduction electrons,
as in the metallic phase of "Y;Ca#2Ir2O7 [12]. The effective
moment gJ

!!!!!!!!!!!!!!!!!!!!!
Jz"Jz ' 1#

p
! 3:06#B for the ground doublet

is lower than the Pr3' multiplet value (3:62#B) due to the
CEF. The AF Weiss temperature T* ! &20:0 K is most
likely due to the RKKY interactions of the 4f moments for

the following three reasons. (i) CW analysis of the suscep-
tibility $CEF"T# computed using the above CEF scheme
indicates a negligibly small CEF contribution ('0:77 K) to
T* (Fig. 1). (ii) Single-ion Kondo coupling cannot be as
large as 20 K. In fact, few Pr-based compounds show
Kondo effect because of Hund coupling in the Pr3' 4f2

configuration which strongly reduces the Kondo tempera-
ture TK [13]. Moreover, the low carrier concentration
should also considerably decrease TK [14]. (iii) The 4f
moment superexchange and dipolar interactions in insulat-
ing pyrochlore magnets are normally of the scale of $1 K.
Actually, T* ! '0:35 K for Pr2Sn2O7, an insulating ana-
log of Pr2Ir2O7 [15]. Thus, a several orders of magnitude
stronger T* indicates that it is due to the RKKY interaction.

Normally, one expects a Pr-based low carrier system like
Pr2Ir2O7 to be deep in a magnetic regime, and to exhibit
magnetic LRO at the intersite interaction scale jT*j, if the
system has no magnetic frustration [16]. Remarkably,
however, no anomalies due to a magnetic transition were
detected in $"T#, except for freezing at Tf ! 120 mK
(Fig. 2). A large ratio jT*j=Tf ! 170 is a strong indication
of frustrated magnetism in Pr2Ir2O7. In addition, an
anomalous lnT dependence of $"T# was observed over a
decade of T between Tf and 1.4 K. This diverging $"T# as
T ! 0 K, combined with an exact pyrochlore lattice sym-
metry, confirmed by single crystal x ray, excludes the
possibility that the non-Kramers ground doublet is split
into nonmagnetic singlets. Instead, this lnT dependence,
distinct from the mean-field CW behavior, indicates that
the 4f moments are strongly fluctuating even at T + jT*j
owing to the magnetic frustration, forming a liquidlike
short-range order. In addition, the zero-field-cooled
(ZFC) $"T# only levels off below Tf as set by a bifurcation
of the field-cooled and ZFC curves (inset of Fig. 2).
Normally for spin glasses, the ZFC curve is expected to
show a steep decrease below Tf because most spins get
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large anomalous 
Hall effect with 
unmeasurably 

small 
magnetization

Usually, the AHE arises in ferromagnets because the spontaneous
magnetization breaks the TRS macroscopically even in the absence of
applied magnetic field. The dominant part of the AHE in moderately
dirty ferromagneticmetals can be captured by the band-intrinsicmech-
anism4,16. The adiabatic motion of electrons under an electric field E
(ref. 17) acquires the Berry phase18 because of the relativistic spin-orbit
interaction and the net spin polarization. This phase acts as a mac-
roscopic fictitious magnetic field b that bends the orbital motion of
electrons like the Lorentz force does due to a realmagnetic fieldB. Thus,
it causes theAHEcharacterizedby a finiteHall conductivitysHatB5 0.

In general, however, the source of the fictitious magnetic field b,
namely, the condition for observing the AHE at B5 0, is not
restricted to the magnetization, but to the macroscopically broken
TRS19, which means that the time-reversal operation cannot be com-
pensated by any other symmetry operations of the crystal (Sup-
plementary Information). In particular, the scalar spin chirality in
non-coplanar ferromagnets or canonical spin glasses can also pro-
duce the fictitious field and thus the AHE4,5,12,13,20, as indeed has been
observed in Nd2Mo2O7 (ref. 5), AuMn (refs 6, 7), and MnSi (refs 9,
10). In these pioneering works, however, the spin chirality is not the
primary order parameter, but only accompanies a chiral spin texture
of a magnetic dipole LRO or is induced by the applied magnetic field.
Thus, it has remained an important open issue to find a possible
chiral spin-liquid phase3 by probing the macroscopically broken
TRS through the AHE at zero magnetic field.

Here, we report the discovery of a TRS-broken phase in the absence
of bothmagnetic dipole order and spin freezing in the thermodynamic
measurements, suggesting a chiral spin-liquid state. In particular, we
observed a spontaneous Hall effect in the absence of uniform mag-
netization within experimental accuracy in the metallic cooperative
paramagnet Pr2Ir2O7 above its spin freezing temperature, as indicated
by the bifurcation of the susceptibility. Both the experiment and the
theory suggest that a chiral spin-liquid phase is inducedbymelting of a
spin ice, because the quantum fluctuations of the Pr 4f magnetic
moments21 were stronger than in dipolar spin-ice systems14,15.

The pyrochlore iridate Pr2Ir2O7 has an antiferromagnetic Curie–
Weiss temperature HW<220K, mainly due to the correlations
among,111. 4f Isingmagneticmoments of Pr31 ions, which point
either inwards to or outwards from the centre of the Pr tetrahedron
(Fig. 1b and c)22,23. Ir 5d conduction electrons are weakly correlated
and remain in a Pauli paramagnetic state22. They mediate the RKKY
interaction between Pr 4f moments via the Kondo coupling. The
absence of any sharp anomalies indicating conventional magnetic
LRO in the measurements of specific heat, magnetic susceptibility,
and muon spin relaxation (mSR)22,24 signals strong geometrical frus-
tration15. Only a spin freezing is observed in the magnetic suscepti-
bility below Tf< 0.3 K, which is two orders of magnitude lower than
jHWj< 20K (ref. 22) (Fig. 2a). Therefore, below jHWj, the 4f
moments probably remain in a cooperative paramagnetic state down
to at least Tf< 0.3 K (refs 22, 24).

First, we show our main experimental evidence for the broken TRS
found in the states where neither magnetic dipole LRO nor spin freez-
ing is observed in thermodynamic measurements. Figure 2a presents
the temperature dependence of the Hall conductivity sH(T) (defined
in the figure caption)measuredat a low field of 0.05Tapplied along the
[111] direction. The zero-field-cooled and the field-cooled data of
sH(T) and thus the Hall resistivity rH(T) (Supplementary Fig. 1)
bifurcate at TH< 1.5K, a temperature which is nearly an order of
magnitude higher than Tf< 0.3K, although the longitudinal conduc-
tivity s(T) (Fig. 2b, inset) and resistivity r(T) (Supplementary Fig. 1)
does not exhibit any detectable bifurcation. The bifurcation in sH(T)
suggests the emergence of a spontaneous component. To avoid a
(partial) cancellation of sH due to a domain formation, we have per-
formed field sweep measurements up to 7T at various temperatures.
Corresponding to the above bifurcation found in sH(T), the field
dependence of sH(B) forBjj[111] atT,TH< 1.5K shows a hysteresis
between field up and down sweeps, which is accompanied by a finite

remnant Hall conductivity at B5 0 (Fig. 3a, inset). In sharp contrast,
the field dependence of the magnetization M(B) shows no hysteresis
within our experimental accuracy (,1023mB) at T,TH, and only a
small hysteresis at T,Tf (Fig. 3b, inset). Our observations on
sH(B5 0,T) andM(B5 0,T) at various temperatures are summarized
in Fig. 2b. This is evidence of a remarkable separation between the two
temperature scales TH and Tf. Upon cooling, the TRS is broken spon-
taneously and macroscopically at TH without any apparent LRO of

Tf TH
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Figure 2 | Temperature dependence of the magnetic and transport
properties of Pr2Ir2O2. a, Temperature dependence of the Hall conductivity
sH (left axis) and the direct-current susceptibility x5M/H (right axis)
under a magnetic field of B5 0.05 T along the [111] direction. e.m.u.,
electromagnetic unit. Here, Hall conductivity is given by sH52rH/
(rH

21 r2), where rH is the Hall resistivity and r is the longitudinal
resistivity. Both the zero-field-cooled (ZFC) and field-cooled (FC) results are
plotted. Vertical dashed lines denoteTH< 1.5 K andTf< 0.3 K, respectively.
b, Temperature dependence of the remnant Hall conductivity sH(B5 0)
(left axis) and remnant magnetization M(B5 0) (right axis) at zero field,
obtained after a field sweep down from 7T in the hysteresis loop
measurements (Supplementary Information). The inset shows the
temperature dependence of the longitudinal conductivity s5 1/r under
B5 0.05 T along the [111] direction. No hysteresis is found between the
results obtained in the ZFC and FC sequences. c, Temperature dependence of
the nonlinear susceptibility x3 (Supplementary Information) (left axis), and
magnetic specific heat Cm (right axis) under zero field, adapted from ref. 22.
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Semimetals

• The conductors near the MIT seem more 
like semimetals (compensated) than large 
Fermi surface systems

• Could it be that some semimetallic state 
intervenes between metal and insulator, or 
underlies the transition region?

CARTER, SHANKAR, ZEB, AND KEE PHYSICAL REVIEW B 85, 115105 (2012)
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FIG. 4. (Color online) (a) Underlying band structure of or-
thorhombic perovskite SrIrO3 obtained by a tight-binding model
including only Ir-Ir direct hoppings. Note that the band structure is
qualitatively similar the the LDA calculation of Fig. 3, especially near
the Fermi surface. (b) Brillouin zone with all TRIM points labeled
along with the product of the parity eigenvalues of the filled bands.
The red line in the XURS plane corresponds to the line node in the
system.

With a finite tod , a gap opens at the U point, and the nodes
are pushed away from the U point in the XURS plane. It was
found that an elliptical line node, shown as the red line in
Fig. 4, appears in the XURS plane. The line node obtained by
expanding the dispersion near the U point up to linear terms
is given by

!
tod

"2 =
!
to1p + to2p

"2
p2

+ +
#!

toz
"2 + 2t2$p2

z , (4)

where p+ and pz are defined such that kx = !
2 + p+ + p!,

ky = !!
2 + p+ ! p! and kz = !

2 + pz. The plane of the
ellipse appears at p! = 0.33

Due to this robust feature of nodes originated from the
combination of SOC and Pbnm symmetry of the lattice, SrIrO3
has small Fermi pockets with small density of states near the
Fermi energy. As a consequence, it is expected that instability
toward any magnetic ordering is suppressed. Indeed a larger
value of the local Hubbard interaction is required for a canted
antiferromagnetic ordering, when compared to the quasi-2D
perovskite iridates. As shown in Fig. 3, the system remains
metallic for U up to 2 eV. Since the line node is protected
by lattice symmetries and is not affected by moderate values
of Hubbard interaction, perturbations that break the sublayer
reflection symmetry ("̂m) at z = 1

4 and 3
4 planes are required

to open a gap along the U to R line and turn the system into

an insulating phase. Below we discuss one such perturbation
and analyze the resulting phases.

IV. TOPOLOGICAL INSULATOR

The mirror symmetry of the Pbnm space group ("̂m)
commutes with every term of the Hamiltonian. In order to
break such symmetry, we introduce a staggered sublayer
potential. Such a staggered chemical potential is added to the
Hamiltonian in Eq. (2) as a mass term of the form m#z, which
anticommutes with "̂m, and hence breaks this symmetry. This
term can also arise when the SOC alternates between the layers
(B-R vs Y -G planes along the z axis as shown in Fig. 2).
As the mass term is introduced, the degeneracy of the line
node is lifted except for a pair of points along the U to R
line, which gets shifted toward the R point as shown by the
red arrow in Fig. 1. Along this line, only two terms of the
Hamiltonian are nonzero, only one of which commutes with
m#z, having the effect of pushing the node instead of lifting
it completely. At m = mc1, the node reaches the R point, and
the system changes into an insulating phase for m > mc1 as
shown in Fig. 1. The insulating phase, above this critical value
of the mass term, is classified as a strong topological insulator
characterized by the Z2 topological indices.34–38 The product
of parity eigenvalues of the filled bands at each TRIM points is
shown in Fig. 1, and the topological indices for this phase are
#0; (#1#2#3) = 1; (001). Notice that the product of the parity
eigenvalues at the R point has flipped sign at mc1.

Further increase of the mass term leads to another transition
at mc2 where the bands invert at the Z point, and the product
of parity eigenvalues switches sign accordingly as shown
in Fig. 1. Beyond mc2, the system becomes a trivial band
insulator. For the set of parameters we have chosen, the values
of mc1 and mc2 are found to be approximately mc1 = 0.27
and mc2 = 2.4, forming a large window of strong topological
insulating phase.

To confirm the above Z2 analysis, we compute the surface
state of a finite slab to verify the presence of protected
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FIG. 5. (Color online) The edge state calculation with a finite
slab of material having periodic boundary conditions along the x and
y directions and open boundary condition along the z direction. From
the Fu-Kane criteria, we expect to see an odd number of crossing of
the edge state between $ and any of the other three TRIM points in
the surface Brillouin zone. Here we compute the band structure of
such a system between $ = (0,0) and S = (!,0) for m = 0.5.
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FIG. 4. (Color online) Semimetallic nature of the state at U =
1.5 eV according to the LSDA + U + SO method. (a) Calculated
energy bands in the plane Kz = 0 with band parities shown; (b) energy
bands in the plane kz = 0.6!/a, where a Weyl point is predicted to
exist. The lighter-shaded plane is at the Fermi level. (c) Locations
of the Weyl points in the three-dimensional Brillouin zone (Ref. 29)
(nine are shown, indicated by the circled + or ! signs).

the parity eigenvalues. Note that all the magnetic structures
considered above preserve inversion (or parity) symmetry. In
the Brillouin zone [see Fig. 4(c)] of the fcc lattice the TRIMs
correspond to the " = (0, 0, 0), and X, Y,Z [=2!/a(1, 0, 0)
and permutations] points and four L points [!/a(1, 1, 1) and
equivalent points]. The TRIM parities of the top four occupied
bands, in order of increasing energy, are shown in Table II.
Note that, although by symmetry all L points are equivalent,
the choice of inversion center at an iridium site singles out one
of them, L". With that choice the parities at L" and the other
three L points are the opposite of one another. The parities
of the all-in/all-out state remains unchanged above U > Uc #
1.8 eV and is shown in the top row under U = 2 eV. This
pattern of parities helps to understand the nature of the phase:
The parities are the same as for a site-localized picture of this
phase, where each site has an electron with a fixed moment
along the ordering direction. Due to the possibility of such a
local description of this magnetic insulator, we term it the Mott
phase.

Intermediate correlations. For the same all-in/all-out mag-
netic configuration, at smaller U = 1.5 eV, the band structure

TABLE II. Calculated parities of states at TRIMs for several
electronic phases of the iridates. Only the top four filled levels are
shown, in order of increasing energy.

Phase " X, Y,Z L" L ($3)
U = 2.0, all-in (Mott) ++++ + ! ! + + ! ! ! !+++
U = 1.5, all-in (Dirac) ++++ + ! ! + + ! ! + !++ !

along high-symmetry lines [see Fig. 3(b)] also appears to be
insulating, and at first sight one may conclude that this is
an extension of the Mott insulator. However, a closer look
using the parities reveals that a phase transition has occurred.
At the L points, an occupied level and an unoccupied level
with opposite parities have switched places. It can readily
be argued that only one of the two phases adjacent to the
U where this crossing happens can be insulating (see the
Appendix). Since the large U phase is found to be smoothly
connected to a gapped Mott phase, it is reasonable to assume
the smaller U phase is the noninsulating one. This is also
borne out by the LSDA + U + SO band structure. A detailed
analysis perturbing about this transition point (also in the k · p
subsection) allows us to show that this phase is expected to be
a Weyl semimetal with 24 Weyl nodes in all.

Indeed, in the LSDA + U + SO band structure at U =
1.5 eV, we find a three-dimensional Dirac crossing located
within the "-X-L plane of the Brillouin zone. This is illustrated
in Fig. 4 and corresponds to the k vector (0.52,0.52,0.3)2!/a.
There also are five additional Weyl points in the proximity of
the point L related by symmetry (three are just inside each of
the two opposite hexagonal faces of the Brillouin zone, which
are identified with one another) When U increases, these points
move toward each other and annihilate all together at the L
point close to U = 1.8 eV. This is how the Mott phase is born
from the Weyl phase. Since we expect that for Ir 5d states the
actual value of the Coulomb repulsion should be somewhere
within the range 1 eV < U < 2 eV, we thus conclude that the
ground state of the Y2Ir2O7 is most likely the semimetallic
state with the Fermi surface characterized by a set of Weyl
points but in proximity to a Mott insulating state. Both phases
can be switched to a normal metal if Ir moments are collinearly
ordered by a magnetic field.

Possible axion insulator phase. At lower values of U a
second gapped phase with special properties may appear. This
phase can be characterized in terms of its magnetoelectric re-
sponse. Recall that in the presence of time-reversal symmetry,
topological insulators are nonmagnetic band insulators with
protected surface states.6 When the surface states are elimi-
nated by adding, for example, magnetic moments only on the
surface, a quantized magnetoelectric response is obtained:13

A magnetic field induces a polarization, P = # e2

2!h
B, with the

coefficient # only defined modulo 2! . The values of # are
limited by time reversal, which transforms # % !# . Apart
from the trivial solution # = 0, the ambiguity in the definition
of # allows also for # = ! , and this occurs in topological
insulators # = ! . In magnetic insulators, # is in general no
longer quantized.30 However, when inversion symmetry is
retained, # is quantized again. An insulator with the value
# = ! may be termed an axion insulator.

What is the appropriate description of the pyrochlore
iridates? As described elsewhere,21 the condition for # = !
insulators with only inversion symmetry, when deduced from
the parities, turns out to be the same as the Fu-Kane formula,
for time-reversal symmetric insulators;31,32 that is, if the total
number of filled states of negative parity at all TRIMs taken
together is twice an odd integer, then # = ! . Otherwise, # = 0.

For the Mott insulator, at large U , the charge physics must
be trivial and so we must have # = 0. Next, since the Weyl
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Pr2Ir2O7: Theory

• Ir electronic structure: jeff=1/2 bands

• 4*2=8 states: irreps at Γ = 2,2,4 (paramagnetic)
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T2 irrep
~ j=3/2

changing the relative magnitude of ta and te. In general, the
pyrochlore oxides have oxygen x parameters ranging from
0.309 to 0.355.40 Since xc=0.3125 for the perfect cubic crys-
tal field, we have to consider both trigonal compression !x
!xc" and elongation !x"xc" cases. According to the naive
crystal-field splitting picture, the on-site energies Ea and Ee
of a1g and eg! states are determined by the magnitude of oxy-
gen x parameters. However, in real materials, the relative
magnitude between Ea and Ee are strongly affected by hy-
bridization with high energy eg orbital states, which are al-
lowed under the trigonal crystal field.43 Therefore, irrespec-
tive of the magnitude of the oxygen x parameter, we have to
investigate both ta / te!1 and te / ta!1 cases on equal footing.

We first consider the case of ta / te!1. In Fig. 5, we plot
the evolution of the band structure as we increase ta / te. For
ta / te#1.7, an accidental band touching occurs at the L point
in the Brillouin zone. Since the two bands touching at the L
point have opposite inversion parities as shown in Table I,
the band crossing induces the exchange of the parities be-
tween the two bands touching at the L point. However, since
we have eight different momentum points within the first
Brillouin zone, which are symmetry equivalent to the L
point, the product of the inversion parities for all occupied
bands is invariant. According to Fu and Kane,9 the product of
the inversion parities of occupied bands determines the Z2
topological invariant #, characterizing the topological prop-
erties of insulators. Therefore, the accidental band touching
does not induce the change in the topological properties of
the insulating states.

Now we consider the opposite limit of te / ta!1. Figure 6
shows the evolution of the band structure as we increase
te / ta. Notice that the band gap at the $ point reduces pro-
gressively as te / ta increases. In particular, when te / ta
= !te / ta"c=2.3, a band inversion occurs at the $ point and the
system becomes metallic. The double degeneracy at the $
point is protected by the lattice point-group symmetry.
Therefore the metallic phase is stable as long as symmetry
breaking fields reducing the lattice symmetry are not intro-
duced. It is interesting that a similar metallic state is

predicted by a recent first-principles calculation on
Y2Ir2O7.44 Although we have used a simplified tight-binding
approach, the overall band structure and degeneracies at the
$ point for the metallic phase are consistent with the predic-
tion of the local-density approximation !LDA" calculation.

The effect of the trigonal crystal fields on the electronic
structure is summarized in the phase diagram shown in Fig.
7. The strong topological insulator !STI" is stable against the
trigonal crystal-field effect for te / ta smaller than the critical
value, !te / ta"c. On the other hand, if te / ta is larger than the
critical value, a metallic phase occurs. The metallic phase is
stable as long as the point-group symmetry of the lattice is
protected.

IV. LATTICE DISTORTION AND METAL-INSULATOR
TRANSITION

In this section we study the fate of the metallic phase
predicted above against external perturbations. Some pyro-
chlore iridates A2Ir2O7 with A=Nd, Sm, and Eu, show metal-
insulator transitions as the temperature decreases.35,36 How-
ever, the nature of the insulating ground state is under
controversy. According to a recent Raman-scattering mea-
surement on these iridium compounds,38 metal-insulator
transitions accompany structural distortions for Sm2Ir2O7
and Eu2Ir2O7. In addition, a recent theoretical study on a toy

TABLE I. Inversion parities of the jeff=1 /2 bands at time-
reversal invariant momenta for %SO=4.0, ta= te=0.5. Here E1&E2
&E3&E4. At the momentum Xi!i=1,2 ,3", the upper !lower" two
bands are degenerate with opposite inversion parities satisfying ''̄
=!1 !'!'̄!=!1".

E1 E2 E3 E4

$!0,0 ,0" + + + +
L0!( ,( ,(" ! ! + !
L1!!( ,( ,(" + + ! +
L2!( ,!( ,(" + + ! +
L3!( ,( ,!(" + + ! +
X1!2( ,0 ,0" ' '̄ '! '̄!
X2!0,2( ,0" ' '̄ '! '̄!
X3!0,0 ,2(" ' '̄ '! '̄!

!! !!XX XX""LL!!!! !!XX XX""LL!!!! !!XX XX""LL!!

E(k)E(k)

(a)(a) (c)(c)(b)(b)t / t =1.0t / t =1.0ee aa t / t =2.2t / t =2.2ee aa t / t =2.5t / t =2.5ee aa

FIG. 6. !Color online" Dispersions of jeff=1 /2 bands under
trigonal crystal field with ta" te. Here we have fixed %SO=4.0, ta
=0.5 but vary te. As te / ta increases the energy gap between the two
bands in the middle reduces. When te / ta#2.3 band inversion oc-
curs at the $ point and the system becomes metallic.

t / tt / tee aa

MetalMetalSTISTISTISTI

(t /t )(t /t )ee aa cc
XX

FIG. 7. !Color online" Phase diagram as a function of the
strength of the local trigonal crystal field represented by te / ta. Note
that a metallic phase occurs when te / ta becomes larger than the
critical value of !te / ta"c!1. The red cross in the middle of two
strong topological insulators !STI" indicates the point where acci-
dental band touching occurs.
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2,4,2 order

• Strong SOC (and weak correlation) limit is still 
semi-metallic or metallic
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FIG. 4. (Color online) Semimetallic nature of the state at U =
1.5 eV according to the LSDA + U + SO method. (a) Calculated
energy bands in the plane Kz = 0 with band parities shown; (b) energy
bands in the plane kz = 0.6!/a, where a Weyl point is predicted to
exist. The lighter-shaded plane is at the Fermi level. (c) Locations
of the Weyl points in the three-dimensional Brillouin zone (Ref. 29)
(nine are shown, indicated by the circled + or ! signs).

the parity eigenvalues. Note that all the magnetic structures
considered above preserve inversion (or parity) symmetry. In
the Brillouin zone [see Fig. 4(c)] of the fcc lattice the TRIMs
correspond to the " = (0, 0, 0), and X, Y,Z [=2!/a(1, 0, 0)
and permutations] points and four L points [!/a(1, 1, 1) and
equivalent points]. The TRIM parities of the top four occupied
bands, in order of increasing energy, are shown in Table II.
Note that, although by symmetry all L points are equivalent,
the choice of inversion center at an iridium site singles out one
of them, L". With that choice the parities at L" and the other
three L points are the opposite of one another. The parities
of the all-in/all-out state remains unchanged above U > Uc #
1.8 eV and is shown in the top row under U = 2 eV. This
pattern of parities helps to understand the nature of the phase:
The parities are the same as for a site-localized picture of this
phase, where each site has an electron with a fixed moment
along the ordering direction. Due to the possibility of such a
local description of this magnetic insulator, we term it the Mott
phase.

Intermediate correlations. For the same all-in/all-out mag-
netic configuration, at smaller U = 1.5 eV, the band structure

TABLE II. Calculated parities of states at TRIMs for several
electronic phases of the iridates. Only the top four filled levels are
shown, in order of increasing energy.

Phase " X, Y,Z L" L ($3)
U = 2.0, all-in (Mott) ++++ + ! ! + + ! ! ! !+++
U = 1.5, all-in (Dirac) ++++ + ! ! + + ! ! + !++ !

along high-symmetry lines [see Fig. 3(b)] also appears to be
insulating, and at first sight one may conclude that this is
an extension of the Mott insulator. However, a closer look
using the parities reveals that a phase transition has occurred.
At the L points, an occupied level and an unoccupied level
with opposite parities have switched places. It can readily
be argued that only one of the two phases adjacent to the
U where this crossing happens can be insulating (see the
Appendix). Since the large U phase is found to be smoothly
connected to a gapped Mott phase, it is reasonable to assume
the smaller U phase is the noninsulating one. This is also
borne out by the LSDA + U + SO band structure. A detailed
analysis perturbing about this transition point (also in the k · p
subsection) allows us to show that this phase is expected to be
a Weyl semimetal with 24 Weyl nodes in all.

Indeed, in the LSDA + U + SO band structure at U =
1.5 eV, we find a three-dimensional Dirac crossing located
within the "-X-L plane of the Brillouin zone. This is illustrated
in Fig. 4 and corresponds to the k vector (0.52,0.52,0.3)2!/a.
There also are five additional Weyl points in the proximity of
the point L related by symmetry (three are just inside each of
the two opposite hexagonal faces of the Brillouin zone, which
are identified with one another) When U increases, these points
move toward each other and annihilate all together at the L
point close to U = 1.8 eV. This is how the Mott phase is born
from the Weyl phase. Since we expect that for Ir 5d states the
actual value of the Coulomb repulsion should be somewhere
within the range 1 eV < U < 2 eV, we thus conclude that the
ground state of the Y2Ir2O7 is most likely the semimetallic
state with the Fermi surface characterized by a set of Weyl
points but in proximity to a Mott insulating state. Both phases
can be switched to a normal metal if Ir moments are collinearly
ordered by a magnetic field.

Possible axion insulator phase. At lower values of U a
second gapped phase with special properties may appear. This
phase can be characterized in terms of its magnetoelectric re-
sponse. Recall that in the presence of time-reversal symmetry,
topological insulators are nonmagnetic band insulators with
protected surface states.6 When the surface states are elimi-
nated by adding, for example, magnetic moments only on the
surface, a quantized magnetoelectric response is obtained:13

A magnetic field induces a polarization, P = # e2

2!h
B, with the

coefficient # only defined modulo 2! . The values of # are
limited by time reversal, which transforms # % !# . Apart
from the trivial solution # = 0, the ambiguity in the definition
of # allows also for # = ! , and this occurs in topological
insulators # = ! . In magnetic insulators, # is in general no
longer quantized.30 However, when inversion symmetry is
retained, # is quantized again. An insulator with the value
# = ! may be termed an axion insulator.

What is the appropriate description of the pyrochlore
iridates? As described elsewhere,21 the condition for # = !
insulators with only inversion symmetry, when deduced from
the parities, turns out to be the same as the Fu-Kane formula,
for time-reversal symmetric insulators;31,32 that is, if the total
number of filled states of negative parity at all TRIMs taken
together is twice an odd integer, then # = ! . Otherwise, # = 0.

For the Mott insulator, at large U , the charge physics must
be trivial and so we must have # = 0. Next, since the Weyl
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changing the relative magnitude of ta and te. In general, the
pyrochlore oxides have oxygen x parameters ranging from
0.309 to 0.355.40 Since xc=0.3125 for the perfect cubic crys-
tal field, we have to consider both trigonal compression !x
!xc" and elongation !x"xc" cases. According to the naive
crystal-field splitting picture, the on-site energies Ea and Ee
of a1g and eg! states are determined by the magnitude of oxy-
gen x parameters. However, in real materials, the relative
magnitude between Ea and Ee are strongly affected by hy-
bridization with high energy eg orbital states, which are al-
lowed under the trigonal crystal field.43 Therefore, irrespec-
tive of the magnitude of the oxygen x parameter, we have to
investigate both ta / te!1 and te / ta!1 cases on equal footing.

We first consider the case of ta / te!1. In Fig. 5, we plot
the evolution of the band structure as we increase ta / te. For
ta / te#1.7, an accidental band touching occurs at the L point
in the Brillouin zone. Since the two bands touching at the L
point have opposite inversion parities as shown in Table I,
the band crossing induces the exchange of the parities be-
tween the two bands touching at the L point. However, since
we have eight different momentum points within the first
Brillouin zone, which are symmetry equivalent to the L
point, the product of the inversion parities for all occupied
bands is invariant. According to Fu and Kane,9 the product of
the inversion parities of occupied bands determines the Z2
topological invariant #, characterizing the topological prop-
erties of insulators. Therefore, the accidental band touching
does not induce the change in the topological properties of
the insulating states.

Now we consider the opposite limit of te / ta!1. Figure 6
shows the evolution of the band structure as we increase
te / ta. Notice that the band gap at the $ point reduces pro-
gressively as te / ta increases. In particular, when te / ta
= !te / ta"c=2.3, a band inversion occurs at the $ point and the
system becomes metallic. The double degeneracy at the $
point is protected by the lattice point-group symmetry.
Therefore the metallic phase is stable as long as symmetry
breaking fields reducing the lattice symmetry are not intro-
duced. It is interesting that a similar metallic state is

predicted by a recent first-principles calculation on
Y2Ir2O7.44 Although we have used a simplified tight-binding
approach, the overall band structure and degeneracies at the
$ point for the metallic phase are consistent with the predic-
tion of the local-density approximation !LDA" calculation.

The effect of the trigonal crystal fields on the electronic
structure is summarized in the phase diagram shown in Fig.
7. The strong topological insulator !STI" is stable against the
trigonal crystal-field effect for te / ta smaller than the critical
value, !te / ta"c. On the other hand, if te / ta is larger than the
critical value, a metallic phase occurs. The metallic phase is
stable as long as the point-group symmetry of the lattice is
protected.

IV. LATTICE DISTORTION AND METAL-INSULATOR
TRANSITION

In this section we study the fate of the metallic phase
predicted above against external perturbations. Some pyro-
chlore iridates A2Ir2O7 with A=Nd, Sm, and Eu, show metal-
insulator transitions as the temperature decreases.35,36 How-
ever, the nature of the insulating ground state is under
controversy. According to a recent Raman-scattering mea-
surement on these iridium compounds,38 metal-insulator
transitions accompany structural distortions for Sm2Ir2O7
and Eu2Ir2O7. In addition, a recent theoretical study on a toy

TABLE I. Inversion parities of the jeff=1 /2 bands at time-
reversal invariant momenta for %SO=4.0, ta= te=0.5. Here E1&E2
&E3&E4. At the momentum Xi!i=1,2 ,3", the upper !lower" two
bands are degenerate with opposite inversion parities satisfying ''̄
=!1 !'!'̄!=!1".

E1 E2 E3 E4

$!0,0 ,0" + + + +
L0!( ,( ,(" ! ! + !
L1!!( ,( ,(" + + ! +
L2!( ,!( ,(" + + ! +
L3!( ,( ,!(" + + ! +
X1!2( ,0 ,0" ' '̄ '! '̄!
X2!0,2( ,0" ' '̄ '! '̄!
X3!0,0 ,2(" ' '̄ '! '̄!

!! !!XX XX""LL!!!! !!XX XX""LL!!!! !!XX XX""LL!!

E(k)E(k)
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FIG. 6. !Color online" Dispersions of jeff=1 /2 bands under
trigonal crystal field with ta" te. Here we have fixed %SO=4.0, ta
=0.5 but vary te. As te / ta increases the energy gap between the two
bands in the middle reduces. When te / ta#2.3 band inversion oc-
curs at the $ point and the system becomes metallic.
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MetalMetalSTISTISTISTI
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FIG. 7. !Color online" Phase diagram as a function of the
strength of the local trigonal crystal field represented by te / ta. Note
that a metallic phase occurs when te / ta becomes larger than the
critical value of !te / ta"c!1. The red cross in the middle of two
strong topological insulators !STI" indicates the point where acci-
dental band touching occurs.
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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 ! = " 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 · q#i . (1)

Energy is measured from the chemical potential, q = k ! k0
and (1, #i) 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
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changing the relative magnitude of ta and te. In general, the
pyrochlore oxides have oxygen x parameters ranging from
0.309 to 0.355.40 Since xc=0.3125 for the perfect cubic crys-
tal field, we have to consider both trigonal compression !x
!xc" and elongation !x"xc" cases. According to the naive
crystal-field splitting picture, the on-site energies Ea and Ee
of a1g and eg! states are determined by the magnitude of oxy-
gen x parameters. However, in real materials, the relative
magnitude between Ea and Ee are strongly affected by hy-
bridization with high energy eg orbital states, which are al-
lowed under the trigonal crystal field.43 Therefore, irrespec-
tive of the magnitude of the oxygen x parameter, we have to
investigate both ta / te!1 and te / ta!1 cases on equal footing.

We first consider the case of ta / te!1. In Fig. 5, we plot
the evolution of the band structure as we increase ta / te. For
ta / te#1.7, an accidental band touching occurs at the L point
in the Brillouin zone. Since the two bands touching at the L
point have opposite inversion parities as shown in Table I,
the band crossing induces the exchange of the parities be-
tween the two bands touching at the L point. However, since
we have eight different momentum points within the first
Brillouin zone, which are symmetry equivalent to the L
point, the product of the inversion parities for all occupied
bands is invariant. According to Fu and Kane,9 the product of
the inversion parities of occupied bands determines the Z2
topological invariant #, characterizing the topological prop-
erties of insulators. Therefore, the accidental band touching
does not induce the change in the topological properties of
the insulating states.

Now we consider the opposite limit of te / ta!1. Figure 6
shows the evolution of the band structure as we increase
te / ta. Notice that the band gap at the $ point reduces pro-
gressively as te / ta increases. In particular, when te / ta
= !te / ta"c=2.3, a band inversion occurs at the $ point and the
system becomes metallic. The double degeneracy at the $
point is protected by the lattice point-group symmetry.
Therefore the metallic phase is stable as long as symmetry
breaking fields reducing the lattice symmetry are not intro-
duced. It is interesting that a similar metallic state is

predicted by a recent first-principles calculation on
Y2Ir2O7.44 Although we have used a simplified tight-binding
approach, the overall band structure and degeneracies at the
$ point for the metallic phase are consistent with the predic-
tion of the local-density approximation !LDA" calculation.

The effect of the trigonal crystal fields on the electronic
structure is summarized in the phase diagram shown in Fig.
7. The strong topological insulator !STI" is stable against the
trigonal crystal-field effect for te / ta smaller than the critical
value, !te / ta"c. On the other hand, if te / ta is larger than the
critical value, a metallic phase occurs. The metallic phase is
stable as long as the point-group symmetry of the lattice is
protected.

IV. LATTICE DISTORTION AND METAL-INSULATOR
TRANSITION

In this section we study the fate of the metallic phase
predicted above against external perturbations. Some pyro-
chlore iridates A2Ir2O7 with A=Nd, Sm, and Eu, show metal-
insulator transitions as the temperature decreases.35,36 How-
ever, the nature of the insulating ground state is under
controversy. According to a recent Raman-scattering mea-
surement on these iridium compounds,38 metal-insulator
transitions accompany structural distortions for Sm2Ir2O7
and Eu2Ir2O7. In addition, a recent theoretical study on a toy

TABLE I. Inversion parities of the jeff=1 /2 bands at time-
reversal invariant momenta for %SO=4.0, ta= te=0.5. Here E1&E2
&E3&E4. At the momentum Xi!i=1,2 ,3", the upper !lower" two
bands are degenerate with opposite inversion parities satisfying ''̄
=!1 !'!'̄!=!1".

E1 E2 E3 E4

$!0,0 ,0" + + + +
L0!( ,( ,(" ! ! + !
L1!!( ,( ,(" + + ! +
L2!( ,!( ,(" + + ! +
L3!( ,( ,!(" + + ! +
X1!2( ,0 ,0" ' '̄ '! '̄!
X2!0,2( ,0" ' '̄ '! '̄!
X3!0,0 ,2(" ' '̄ '! '̄!
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FIG. 6. !Color online" Dispersions of jeff=1 /2 bands under
trigonal crystal field with ta" te. Here we have fixed %SO=4.0, ta
=0.5 but vary te. As te / ta increases the energy gap between the two
bands in the middle reduces. When te / ta#2.3 band inversion oc-
curs at the $ point and the system becomes metallic.
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FIG. 7. !Color online" Phase diagram as a function of the
strength of the local trigonal crystal field represented by te / ta. Note
that a metallic phase occurs when te / ta becomes larger than the
critical value of !te / ta"c!1. The red cross in the middle of two
strong topological insulators !STI" indicates the point where acci-
dental band touching occurs.
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Minimal electronic 
model

• k·p expansion near Γ

• 3 symmetry allowed mass parameters 

• Luttinger Hamiltonian

• quadratically dispersing doubly-
degenerate bands

• applies also to inverted band-gap semis
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Interactions

• Very simple scaling

• Coulomb strong for r > aB = 1/(me2)

• Abrikosov, 1970s (!): critical NFL state!
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POSSIBLE EXISTENCE OF SUBSTANCES INTERMEDIATE BETWEEN METALS AND 

DIELECTRICS 

A. A. ABRIKOSOV and S.D. BENESLAVSKII 

L. D. Landau Institute of Theoretical Physics 
Submitted April 13, 1970 

Zh. Eksp. Teor. Fiz. 59, 1280-1298 (October, 1970) 

The question of the possible existence of substances having an electron spectrum without any energy 
gap and, at the same time, not possessing a Fermi surface is investigated. First of all the question 
of the possibility of contact of the conduction band and the valence band at a single point is investiga-
ted within the framework of the one-electron problem. It is shown that the symmetry conditions for 
the crystal admit of such a possibility. A complete investigation is carried out for points in recipro-
cal lattice space with a little group which is equivalent to a point group, and an example of a more 
complicated little group is considered. It is shown that in the neighborhood of the point of contact the 
spectrum may be linear as well as quadratic. 

The role of the Coulomb interaction is considered for both types of spectra. In the case of a linear 
dispersion law a slowly varying (logarithmic) factor appears in the spectrum. In the case of a quad-
ratic spectrum the effective interaction becomes strong for small momenta, and the concept of the 
one-particle spectrum turns out to be inapplicable. The behavior of the Green's functions is deter-
mined by similarity laws analogous to those obtained in field theory with strong coupling and in the 
neighborhood of a phase transition point of the second kind (scaling). Hence follow power laws for 
the electronic heat capacity and for the momentum distribution of the electrons. 

1. INTRODUCTION 

0 NE of the basic assumptions of the Landau lll theory 
of a Fermi liquid is the relationship, according to which 
the limiting momentum of the excitations in an isotropic 
Fermi liquid is determined in the same way as in a gas, 
by the density of the atoms in the liquid, i.e., 
Po = (3JT1l) 113 (where n is the density of particles). Ac-
cording to the work of Luttinger and Ward, laJ with a 
certain amount of alteration this theorem is also appli-
cable to the electronic liquid in metals. Namely, it 
turns out that the total volume, bounded by all Fermi 
surfaces, determines the density of the electrons: 

n = 2(2n)-'(pV, + VF), 

where Vo denotes the volume of an elementary cell of 
the reciprocal lattice, p is an integer, and V F denotes 
the total volume inside all of the Fermi surfaces (from 
the side of smaller energies), referred to a single cell 
of the reciprocal lattice. 

It is not difficult to see that the cited relation is ex-
actly the same as for a noninteracting Fermi system in 
a periodic field. In view of the fact that Vo = (2JT) 3/v, 
where v is the volume of an elementary cell of the crys-
tal, the substance can be dielectric only when the num-
ber of electrons per elementary cell of the crystal is 
even. If in this case the substance nevertheless is a 
metal, then the number of holes must necessarily be 
equal to the number of electrons. For metals with an 
odd number of electrons per cell, on the other hand, 
such compensation cannot occur. 

In this connection the question arises whether sub-
stances can exist in nature which are neither genuine 
metals nor dielectrics in the sense that there are no 
free electrons in them, and at the same time no energy 
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gap is present. One can represent such a substance as 
the limiting case of a metal with a point Fermi surface. 
In the language of the theory of noninteracting particles 
in a periodic field, this corresponds to the case when a 
completely filled valence band touches a completely 
empty conduction band. Indications of the possible exis-
tence of such substances have recently appeared in the 
literature (gray tinl3l and mercury telluridel4l). 

In the present article the conditions under which a 
point Fermi surface may appear in a model of noninter-
acting electrons will be investigated, and the question of 
the influence of the Coulomb interaction of the electrons 
on the energy spectrum in the neighborhood of the 
Fermi point will be considered. 

In the case of interest to us, the maximum of the 
valence band must coincide with the minimum of the 
conduction band. In general an increased symmetry of 
the appropriate point of the reciprocal lattice favors de-
generacy of the energy levels, but it may also occur at 
accidental points. However, here somewhat more is re-
quired, namely, that this point simultaneously corre-
sponds to extrema of the two bands. The occurrence of 
such a situation at an accidental point is an improbable 
special case. In view of this we shall consider only 
"regular" cases, i.e., points of high symmetry. A com-
plete analysis is given in the case when the little group 
of the corresponding point is equivalent to the point 
group, and an example of a more complicated group is 
considered. It turns out that a "Fermi point" is possi-
ble in a whole series of different cases, where in the 
most typical cases the dispersion law in the vicinity of 
such a point will either be linear or quadratic. 

However, in general a model of noninteracting elec-
trons does not correspond to a real electronic liquid. 
In the case of an isotropic liquid with short-range inter-

Calculation of critical indices for zero-gap semiconductors 
A. A. Abrikosov 
L. D. Landau Theoretical Physics Institute, USSR Academy of Sciences 
(Submitted November 19, 1973) 
Zh. Eksp. Teor. Fiz. 66, 1443-1460 (April 1974) 

The indices defining the exponents in the power laws in the Green functions and physical 
characteristics of zero-gap semiconductors of the second kind in the strong-coupling region (i.e., the 
region of energies w<wo, where Wo= m *e 4/21<6 is the exciton binding energy, and momenta k <k 0, 

where k 0= m *e 2/1<0 is the inverse Bohr radius of the exction) are calculated. Two methods are 
applied: expansion in E=4-d (d is the dimensionality of space) and expansion in the "large 
number of components," i.e., in l/II, where II is the polarization operator. In the first approximation 
the two procedures give results that are numerically slightly different but qualitatively similar. It 
follows from the results that there are several energy and momentum regions: (1) the "free region," 
(2) the region Wl<W<WO' kl<k <ko Wo, in which the 
"random-phase approximation" is applicable, i.e., the interaction of the carriers is altered but their 
spectrum is conserved, and (3) the true strong-coupling region w < W1> k < k l' In the regions (2) and 
(3) the results of Abrikosov and Benesiavskil are applicable, with a=v=2 in region (2) and a= 1.76, 
V= 1.92 in region (3). 

1. INTRODUCTION 
It has been shown earlier (cf,[l,2]) that in zero-gap 

semiconductors of the second kind (e .g., a -Sn), a 
strong-coupling regime arises in the vicinity of the 
point of contact of the branches of the spectrum (a point 
of the order of ko = m*e2/ Ko along the momentum axis 
and Wo = along the energy axis, where m* is 
the effective mass and Ko is the dielectric permittivity). 
In this region the Green functions and vertices acquire 
the self-similar form: 

G -, ( k ) -a [ rol roo ] 
-roo k: g (klko) , ' 

f-- - d--roo ( k ) ,_3 .[ ro/roo ] 
k o' ko (klko) , ' (1) 

( k ) a-' [ rol roo ] 
1- k: q (klko)' . 

The indices a and v determine the behavior of phySical 
quantities in the singular region, e.g., their dependence 
on the temperature, magnetic field, frequency, etc. 

In view of the fact that the problem of zero-gap semi-
conductors is methodologically similar to the theory of 
phase transitions, to determine the unknown indices a 
and v it is natural to attempt to apply the methods de-
veloped in recent years by Wilson and Fisher(3] and 
Ferrell and Scalapino [4) and successfully used for the 
analysis of different types of phase transitions. The 
present article is devoted to this question. 

2. CONTINUATION TO NONINTEGER DIMENSIONS 
The calculation of the indices should be performed 

for a specific model. Although the indices do not depend 
on the interaction constant, they can depend on the 
geometry (the little group and specific representation; 
cf,UJ). We shall consider a very realistic situation, 
namely, the case of a-Sn with a diamond-type lattice. 
The bands touch at a point with little group Dh. We 
take a representation corresponding to J = "2; the cor-
responding Hamiltonian and spectrum are well known[I]. 
To simplify matters, we put 3 f3 = I' in the formula in (1]; 
the spectrum then possesses spherical symmetry. The 
Hamiltonian in this case can be written in the form 

(2) 
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whence it can be seen that there is invariance with re-
spect to any rotations. The eigenvalues are doubly de-
generate and equal to 

8",= (f±c) k'. 

Hence it can be seen that a zero-gap spectrum is ob-
tained for c > f, 

(3) 

It was shown in(1] that the zeroth-approximation term 
for the polarization operator is proportional to an inte-
gral that converges like 11k at the lower limit (k is 
the external momentum). It is clear that in four-dimen-
sional space we would have a logarithmic integral. This 
corresponds precisely to the situation in phase transi-
tions. The application of Wilson's methodeS] is associ-
ated with formulation of the problem in a space with a 
noninteger number of dimensions d = 4 - !. In the 
present case, the problem is complicated by the fact 
that operators JiJ. associated with the three-dimensional 
rotation group appear in the Hamiltonian and form ten-
sor combinations with the momentum components. The 
continuation to noninteger dimensions in such a situa-
tion has been effected for the case J = 1 [5], but the 
method used is not applicable for J = r 2. In view of this, 
we shall proceed in the following way. 

We write the second term in the Hamiltonian (2) in 
the form cH" 

and analyze the properties of the operators A v' Ac-
cording to (2), these operators possess the foilowing 
properties: 

-r A",,=O, {A •• , A,'/=-1 (v*/-1), ....... . 
SpA.,=O, A • .'=1, 1.;=3/, (v*/-1); 

(4) 

(5) 

{ AiJ.II' ApO'} = 0 in all other cases. Here there is no 
summation over repeated indices. All these properties 
can be written in the form of a single formula: 

(6) 

Hence it follows that the anticommutator of two Hamil-
tonians H, at different points k is equal to 

{Hdk,), Hdk,)} =3(k,k,)'-k,'k,'. (7) 

Copyright © 1975 American Institute of Physics 709 
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• Coulomb strong for r > aB = 1/(me2)
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• RG treatment needed
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1

mr2
∼ e2

r



RG

• Action

• Scaling

electrostatic 
potential

SL =

�
dτddx

�
ψ†

�
∂τ − ieϕ−Aµν∂µ∂ν

�
ψ +

c0
2
(∂iϕ)

2
�

τ → bzτ
x → b x

ψ → b−d/2ψ
ϕ → b−d/2ϕ

e → bz−d/2e

= b1/2e

(d = 3, z = 2)



RG

• Action

• Scaling

electrostatic 
potential

SL =

�
dτddx

�
ψ†

�
∂τ − ieϕ−Aµν∂µ∂ν

�
ψ +

c0
2
(∂iϕ)

2
�

τ → bzτ
x → b x

ψ → b−d/2ψ
ϕ → b−d/2ϕ

e → bz−d/2e

= bε/2e

(d = 4− ε, z = 2)



RG

• Action

• Renormalization in d=4-ε expansion

SL =

�
dτddx

�
ψ†

�
∂τ − ieϕ+ Ĥ0
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Non-linear 
susceptibility

• Recall striking Pr2Ir2O7 experiments

Usually, the AHE arises in ferromagnets because the spontaneous
magnetization breaks the TRS macroscopically even in the absence of
applied magnetic field. The dominant part of the AHE in moderately
dirty ferromagneticmetals can be captured by the band-intrinsicmech-
anism4,16. The adiabatic motion of electrons under an electric field E
(ref. 17) acquires the Berry phase18 because of the relativistic spin-orbit
interaction and the net spin polarization. This phase acts as a mac-
roscopic fictitious magnetic field b that bends the orbital motion of
electrons like the Lorentz force does due to a realmagnetic fieldB. Thus,
it causes theAHEcharacterizedby a finiteHall conductivitysHatB5 0.

In general, however, the source of the fictitious magnetic field b,
namely, the condition for observing the AHE at B5 0, is not
restricted to the magnetization, but to the macroscopically broken
TRS19, which means that the time-reversal operation cannot be com-
pensated by any other symmetry operations of the crystal (Sup-
plementary Information). In particular, the scalar spin chirality in
non-coplanar ferromagnets or canonical spin glasses can also pro-
duce the fictitious field and thus the AHE4,5,12,13,20, as indeed has been
observed in Nd2Mo2O7 (ref. 5), AuMn (refs 6, 7), and MnSi (refs 9,
10). In these pioneering works, however, the spin chirality is not the
primary order parameter, but only accompanies a chiral spin texture
of a magnetic dipole LRO or is induced by the applied magnetic field.
Thus, it has remained an important open issue to find a possible
chiral spin-liquid phase3 by probing the macroscopically broken
TRS through the AHE at zero magnetic field.

Here, we report the discovery of a TRS-broken phase in the absence
of bothmagnetic dipole order and spin freezing in the thermodynamic
measurements, suggesting a chiral spin-liquid state. In particular, we
observed a spontaneous Hall effect in the absence of uniform mag-
netization within experimental accuracy in the metallic cooperative
paramagnet Pr2Ir2O7 above its spin freezing temperature, as indicated
by the bifurcation of the susceptibility. Both the experiment and the
theory suggest that a chiral spin-liquid phase is inducedbymelting of a
spin ice, because the quantum fluctuations of the Pr 4f magnetic
moments21 were stronger than in dipolar spin-ice systems14,15.

The pyrochlore iridate Pr2Ir2O7 has an antiferromagnetic Curie–
Weiss temperature HW<220K, mainly due to the correlations
among,111. 4f Isingmagneticmoments of Pr31 ions, which point
either inwards to or outwards from the centre of the Pr tetrahedron
(Fig. 1b and c)22,23. Ir 5d conduction electrons are weakly correlated
and remain in a Pauli paramagnetic state22. They mediate the RKKY
interaction between Pr 4f moments via the Kondo coupling. The
absence of any sharp anomalies indicating conventional magnetic
LRO in the measurements of specific heat, magnetic susceptibility,
and muon spin relaxation (mSR)22,24 signals strong geometrical frus-
tration15. Only a spin freezing is observed in the magnetic suscepti-
bility below Tf< 0.3 K, which is two orders of magnitude lower than
jHWj< 20K (ref. 22) (Fig. 2a). Therefore, below jHWj, the 4f
moments probably remain in a cooperative paramagnetic state down
to at least Tf< 0.3 K (refs 22, 24).

First, we show our main experimental evidence for the broken TRS
found in the states where neither magnetic dipole LRO nor spin freez-
ing is observed in thermodynamic measurements. Figure 2a presents
the temperature dependence of the Hall conductivity sH(T) (defined
in the figure caption)measuredat a low field of 0.05Tapplied along the
[111] direction. The zero-field-cooled and the field-cooled data of
sH(T) and thus the Hall resistivity rH(T) (Supplementary Fig. 1)
bifurcate at TH< 1.5K, a temperature which is nearly an order of
magnitude higher than Tf< 0.3K, although the longitudinal conduc-
tivity s(T) (Fig. 2b, inset) and resistivity r(T) (Supplementary Fig. 1)
does not exhibit any detectable bifurcation. The bifurcation in sH(T)
suggests the emergence of a spontaneous component. To avoid a
(partial) cancellation of sH due to a domain formation, we have per-
formed field sweep measurements up to 7T at various temperatures.
Corresponding to the above bifurcation found in sH(T), the field
dependence of sH(B) forBjj[111] atT,TH< 1.5K shows a hysteresis
between field up and down sweeps, which is accompanied by a finite

remnant Hall conductivity at B5 0 (Fig. 3a, inset). In sharp contrast,
the field dependence of the magnetization M(B) shows no hysteresis
within our experimental accuracy (,1023mB) at T,TH, and only a
small hysteresis at T,Tf (Fig. 3b, inset). Our observations on
sH(B5 0,T) andM(B5 0,T) at various temperatures are summarized
in Fig. 2b. This is evidence of a remarkable separation between the two
temperature scales TH and Tf. Upon cooling, the TRS is broken spon-
taneously and macroscopically at TH without any apparent LRO of
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Figure 2 | Temperature dependence of the magnetic and transport
properties of Pr2Ir2O2. a, Temperature dependence of the Hall conductivity
sH (left axis) and the direct-current susceptibility x5M/H (right axis)
under a magnetic field of B5 0.05 T along the [111] direction. e.m.u.,
electromagnetic unit. Here, Hall conductivity is given by sH52rH/
(rH

21 r2), where rH is the Hall resistivity and r is the longitudinal
resistivity. Both the zero-field-cooled (ZFC) and field-cooled (FC) results are
plotted. Vertical dashed lines denoteTH< 1.5 K andTf< 0.3 K, respectively.
b, Temperature dependence of the remnant Hall conductivity sH(B5 0)
(left axis) and remnant magnetization M(B5 0) (right axis) at zero field,
obtained after a field sweep down from 7T in the hysteresis loop
measurements (Supplementary Information). The inset shows the
temperature dependence of the longitudinal conductivity s5 1/r under
B5 0.05 T along the [111] direction. No hysteresis is found between the
results obtained in the ZFC and FC sequences. c, Temperature dependence of
the nonlinear susceptibility x3 (Supplementary Information) (left axis), and
magnetic specific heat Cm (right axis) under zero field, adapted from ref. 22.
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Anomalous Hall

• Recall striking Pr2Ir2O7 experiments

Usually, the AHE arises in ferromagnets because the spontaneous
magnetization breaks the TRS macroscopically even in the absence of
applied magnetic field. The dominant part of the AHE in moderately
dirty ferromagneticmetals can be captured by the band-intrinsicmech-
anism4,16. The adiabatic motion of electrons under an electric field E
(ref. 17) acquires the Berry phase18 because of the relativistic spin-orbit
interaction and the net spin polarization. This phase acts as a mac-
roscopic fictitious magnetic field b that bends the orbital motion of
electrons like the Lorentz force does due to a realmagnetic fieldB. Thus,
it causes theAHEcharacterizedby a finiteHall conductivitysHatB5 0.

In general, however, the source of the fictitious magnetic field b,
namely, the condition for observing the AHE at B5 0, is not
restricted to the magnetization, but to the macroscopically broken
TRS19, which means that the time-reversal operation cannot be com-
pensated by any other symmetry operations of the crystal (Sup-
plementary Information). In particular, the scalar spin chirality in
non-coplanar ferromagnets or canonical spin glasses can also pro-
duce the fictitious field and thus the AHE4,5,12,13,20, as indeed has been
observed in Nd2Mo2O7 (ref. 5), AuMn (refs 6, 7), and MnSi (refs 9,
10). In these pioneering works, however, the spin chirality is not the
primary order parameter, but only accompanies a chiral spin texture
of a magnetic dipole LRO or is induced by the applied magnetic field.
Thus, it has remained an important open issue to find a possible
chiral spin-liquid phase3 by probing the macroscopically broken
TRS through the AHE at zero magnetic field.

Here, we report the discovery of a TRS-broken phase in the absence
of bothmagnetic dipole order and spin freezing in the thermodynamic
measurements, suggesting a chiral spin-liquid state. In particular, we
observed a spontaneous Hall effect in the absence of uniform mag-
netization within experimental accuracy in the metallic cooperative
paramagnet Pr2Ir2O7 above its spin freezing temperature, as indicated
by the bifurcation of the susceptibility. Both the experiment and the
theory suggest that a chiral spin-liquid phase is inducedbymelting of a
spin ice, because the quantum fluctuations of the Pr 4f magnetic
moments21 were stronger than in dipolar spin-ice systems14,15.

The pyrochlore iridate Pr2Ir2O7 has an antiferromagnetic Curie–
Weiss temperature HW<220K, mainly due to the correlations
among,111. 4f Isingmagneticmoments of Pr31 ions, which point
either inwards to or outwards from the centre of the Pr tetrahedron
(Fig. 1b and c)22,23. Ir 5d conduction electrons are weakly correlated
and remain in a Pauli paramagnetic state22. They mediate the RKKY
interaction between Pr 4f moments via the Kondo coupling. The
absence of any sharp anomalies indicating conventional magnetic
LRO in the measurements of specific heat, magnetic susceptibility,
and muon spin relaxation (mSR)22,24 signals strong geometrical frus-
tration15. Only a spin freezing is observed in the magnetic suscepti-
bility below Tf< 0.3 K, which is two orders of magnitude lower than
jHWj< 20K (ref. 22) (Fig. 2a). Therefore, below jHWj, the 4f
moments probably remain in a cooperative paramagnetic state down
to at least Tf< 0.3 K (refs 22, 24).

First, we show our main experimental evidence for the broken TRS
found in the states where neither magnetic dipole LRO nor spin freez-
ing is observed in thermodynamic measurements. Figure 2a presents
the temperature dependence of the Hall conductivity sH(T) (defined
in the figure caption)measuredat a low field of 0.05Tapplied along the
[111] direction. The zero-field-cooled and the field-cooled data of
sH(T) and thus the Hall resistivity rH(T) (Supplementary Fig. 1)
bifurcate at TH< 1.5K, a temperature which is nearly an order of
magnitude higher than Tf< 0.3K, although the longitudinal conduc-
tivity s(T) (Fig. 2b, inset) and resistivity r(T) (Supplementary Fig. 1)
does not exhibit any detectable bifurcation. The bifurcation in sH(T)
suggests the emergence of a spontaneous component. To avoid a
(partial) cancellation of sH due to a domain formation, we have per-
formed field sweep measurements up to 7T at various temperatures.
Corresponding to the above bifurcation found in sH(T), the field
dependence of sH(B) forBjj[111] atT,TH< 1.5K shows a hysteresis
between field up and down sweeps, which is accompanied by a finite

remnant Hall conductivity at B5 0 (Fig. 3a, inset). In sharp contrast,
the field dependence of the magnetization M(B) shows no hysteresis
within our experimental accuracy (,1023mB) at T,TH, and only a
small hysteresis at T,Tf (Fig. 3b, inset). Our observations on
sH(B5 0,T) andM(B5 0,T) at various temperatures are summarized
in Fig. 2b. This is evidence of a remarkable separation between the two
temperature scales TH and Tf. Upon cooling, the TRS is broken spon-
taneously and macroscopically at TH without any apparent LRO of
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Figure 2 | Temperature dependence of the magnetic and transport
properties of Pr2Ir2O2. a, Temperature dependence of the Hall conductivity
sH (left axis) and the direct-current susceptibility x5M/H (right axis)
under a magnetic field of B5 0.05 T along the [111] direction. e.m.u.,
electromagnetic unit. Here, Hall conductivity is given by sH52rH/
(rH

21 r2), where rH is the Hall resistivity and r is the longitudinal
resistivity. Both the zero-field-cooled (ZFC) and field-cooled (FC) results are
plotted. Vertical dashed lines denoteTH< 1.5 K andTf< 0.3 K, respectively.
b, Temperature dependence of the remnant Hall conductivity sH(B5 0)
(left axis) and remnant magnetization M(B5 0) (right axis) at zero field,
obtained after a field sweep down from 7T in the hysteresis loop
measurements (Supplementary Information). The inset shows the
temperature dependence of the longitudinal conductivity s5 1/r under
B5 0.05 T along the [111] direction. No hysteresis is found between the
results obtained in the ZFC and FC sequences. c, Temperature dependence of
the nonlinear susceptibility x3 (Supplementary Information) (left axis), and
magnetic specific heat Cm (right axis) under zero field, adapted from ref. 22.
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Usually, the AHE arises in ferromagnets because the spontaneous
magnetization breaks the TRS macroscopically even in the absence of
applied magnetic field. The dominant part of the AHE in moderately
dirty ferromagneticmetals can be captured by the band-intrinsicmech-
anism4,16. The adiabatic motion of electrons under an electric field E
(ref. 17) acquires the Berry phase18 because of the relativistic spin-orbit
interaction and the net spin polarization. This phase acts as a mac-
roscopic fictitious magnetic field b that bends the orbital motion of
electrons like the Lorentz force does due to a realmagnetic fieldB. Thus,
it causes theAHEcharacterizedby a finiteHall conductivitysHatB5 0.

In general, however, the source of the fictitious magnetic field b,
namely, the condition for observing the AHE at B5 0, is not
restricted to the magnetization, but to the macroscopically broken
TRS19, which means that the time-reversal operation cannot be com-
pensated by any other symmetry operations of the crystal (Sup-
plementary Information). In particular, the scalar spin chirality in
non-coplanar ferromagnets or canonical spin glasses can also pro-
duce the fictitious field and thus the AHE4,5,12,13,20, as indeed has been
observed in Nd2Mo2O7 (ref. 5), AuMn (refs 6, 7), and MnSi (refs 9,
10). In these pioneering works, however, the spin chirality is not the
primary order parameter, but only accompanies a chiral spin texture
of a magnetic dipole LRO or is induced by the applied magnetic field.
Thus, it has remained an important open issue to find a possible
chiral spin-liquid phase3 by probing the macroscopically broken
TRS through the AHE at zero magnetic field.

Here, we report the discovery of a TRS-broken phase in the absence
of bothmagnetic dipole order and spin freezing in the thermodynamic
measurements, suggesting a chiral spin-liquid state. In particular, we
observed a spontaneous Hall effect in the absence of uniform mag-
netization within experimental accuracy in the metallic cooperative
paramagnet Pr2Ir2O7 above its spin freezing temperature, as indicated
by the bifurcation of the susceptibility. Both the experiment and the
theory suggest that a chiral spin-liquid phase is inducedbymelting of a
spin ice, because the quantum fluctuations of the Pr 4f magnetic
moments21 were stronger than in dipolar spin-ice systems14,15.

The pyrochlore iridate Pr2Ir2O7 has an antiferromagnetic Curie–
Weiss temperature HW<220K, mainly due to the correlations
among,111. 4f Isingmagneticmoments of Pr31 ions, which point
either inwards to or outwards from the centre of the Pr tetrahedron
(Fig. 1b and c)22,23. Ir 5d conduction electrons are weakly correlated
and remain in a Pauli paramagnetic state22. They mediate the RKKY
interaction between Pr 4f moments via the Kondo coupling. The
absence of any sharp anomalies indicating conventional magnetic
LRO in the measurements of specific heat, magnetic susceptibility,
and muon spin relaxation (mSR)22,24 signals strong geometrical frus-
tration15. Only a spin freezing is observed in the magnetic suscepti-
bility below Tf< 0.3 K, which is two orders of magnitude lower than
jHWj< 20K (ref. 22) (Fig. 2a). Therefore, below jHWj, the 4f
moments probably remain in a cooperative paramagnetic state down
to at least Tf< 0.3 K (refs 22, 24).

First, we show our main experimental evidence for the broken TRS
found in the states where neither magnetic dipole LRO nor spin freez-
ing is observed in thermodynamic measurements. Figure 2a presents
the temperature dependence of the Hall conductivity sH(T) (defined
in the figure caption)measuredat a low field of 0.05Tapplied along the
[111] direction. The zero-field-cooled and the field-cooled data of
sH(T) and thus the Hall resistivity rH(T) (Supplementary Fig. 1)
bifurcate at TH< 1.5K, a temperature which is nearly an order of
magnitude higher than Tf< 0.3K, although the longitudinal conduc-
tivity s(T) (Fig. 2b, inset) and resistivity r(T) (Supplementary Fig. 1)
does not exhibit any detectable bifurcation. The bifurcation in sH(T)
suggests the emergence of a spontaneous component. To avoid a
(partial) cancellation of sH due to a domain formation, we have per-
formed field sweep measurements up to 7T at various temperatures.
Corresponding to the above bifurcation found in sH(T), the field
dependence of sH(B) forBjj[111] atT,TH< 1.5K shows a hysteresis
between field up and down sweeps, which is accompanied by a finite

remnant Hall conductivity at B5 0 (Fig. 3a, inset). In sharp contrast,
the field dependence of the magnetization M(B) shows no hysteresis
within our experimental accuracy (,1023mB) at T,TH, and only a
small hysteresis at T,Tf (Fig. 3b, inset). Our observations on
sH(B5 0,T) andM(B5 0,T) at various temperatures are summarized
in Fig. 2b. This is evidence of a remarkable separation between the two
temperature scales TH and Tf. Upon cooling, the TRS is broken spon-
taneously and macroscopically at TH without any apparent LRO of
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Figure 2 | Temperature dependence of the magnetic and transport
properties of Pr2Ir2O2. a, Temperature dependence of the Hall conductivity
sH (left axis) and the direct-current susceptibility x5M/H (right axis)
under a magnetic field of B5 0.05 T along the [111] direction. e.m.u.,
electromagnetic unit. Here, Hall conductivity is given by sH52rH/
(rH

21 r2), where rH is the Hall resistivity and r is the longitudinal
resistivity. Both the zero-field-cooled (ZFC) and field-cooled (FC) results are
plotted. Vertical dashed lines denoteTH< 1.5 K andTf< 0.3 K, respectively.
b, Temperature dependence of the remnant Hall conductivity sH(B5 0)
(left axis) and remnant magnetization M(B5 0) (right axis) at zero field,
obtained after a field sweep down from 7T in the hysteresis loop
measurements (Supplementary Information). The inset shows the
temperature dependence of the longitudinal conductivity s5 1/r under
B5 0.05 T along the [111] direction. No hysteresis is found between the
results obtained in the ZFC and FC sequences. c, Temperature dependence of
the nonlinear susceptibility x3 (Supplementary Information) (left axis), and
magnetic specific heat Cm (right axis) under zero field, adapted from ref. 22.
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Anomalous Hall Effect

• Hall conductivity is a pseudo-vector

• Hall vector K has exactly the same 
symmetries as uniform magnetization M, 
once SOC is included (and it is strong here)

• In general, these should be linearly coupled 
in Landau theory: K ∝ M

σH

µν =
e2

h
�µνλKλ



Anomalous Hall

• Recall striking Pr2Ir2O7 experiments

Usually, the AHE arises in ferromagnets because the spontaneous
magnetization breaks the TRS macroscopically even in the absence of
applied magnetic field. The dominant part of the AHE in moderately
dirty ferromagneticmetals can be captured by the band-intrinsicmech-
anism4,16. The adiabatic motion of electrons under an electric field E
(ref. 17) acquires the Berry phase18 because of the relativistic spin-orbit
interaction and the net spin polarization. This phase acts as a mac-
roscopic fictitious magnetic field b that bends the orbital motion of
electrons like the Lorentz force does due to a realmagnetic fieldB. Thus,
it causes theAHEcharacterizedby a finiteHall conductivitysHatB5 0.

In general, however, the source of the fictitious magnetic field b,
namely, the condition for observing the AHE at B5 0, is not
restricted to the magnetization, but to the macroscopically broken
TRS19, which means that the time-reversal operation cannot be com-
pensated by any other symmetry operations of the crystal (Sup-
plementary Information). In particular, the scalar spin chirality in
non-coplanar ferromagnets or canonical spin glasses can also pro-
duce the fictitious field and thus the AHE4,5,12,13,20, as indeed has been
observed in Nd2Mo2O7 (ref. 5), AuMn (refs 6, 7), and MnSi (refs 9,
10). In these pioneering works, however, the spin chirality is not the
primary order parameter, but only accompanies a chiral spin texture
of a magnetic dipole LRO or is induced by the applied magnetic field.
Thus, it has remained an important open issue to find a possible
chiral spin-liquid phase3 by probing the macroscopically broken
TRS through the AHE at zero magnetic field.

Here, we report the discovery of a TRS-broken phase in the absence
of bothmagnetic dipole order and spin freezing in the thermodynamic
measurements, suggesting a chiral spin-liquid state. In particular, we
observed a spontaneous Hall effect in the absence of uniform mag-
netization within experimental accuracy in the metallic cooperative
paramagnet Pr2Ir2O7 above its spin freezing temperature, as indicated
by the bifurcation of the susceptibility. Both the experiment and the
theory suggest that a chiral spin-liquid phase is inducedbymelting of a
spin ice, because the quantum fluctuations of the Pr 4f magnetic
moments21 were stronger than in dipolar spin-ice systems14,15.

The pyrochlore iridate Pr2Ir2O7 has an antiferromagnetic Curie–
Weiss temperature HW<220K, mainly due to the correlations
among,111. 4f Isingmagneticmoments of Pr31 ions, which point
either inwards to or outwards from the centre of the Pr tetrahedron
(Fig. 1b and c)22,23. Ir 5d conduction electrons are weakly correlated
and remain in a Pauli paramagnetic state22. They mediate the RKKY
interaction between Pr 4f moments via the Kondo coupling. The
absence of any sharp anomalies indicating conventional magnetic
LRO in the measurements of specific heat, magnetic susceptibility,
and muon spin relaxation (mSR)22,24 signals strong geometrical frus-
tration15. Only a spin freezing is observed in the magnetic suscepti-
bility below Tf< 0.3 K, which is two orders of magnitude lower than
jHWj< 20K (ref. 22) (Fig. 2a). Therefore, below jHWj, the 4f
moments probably remain in a cooperative paramagnetic state down
to at least Tf< 0.3 K (refs 22, 24).

First, we show our main experimental evidence for the broken TRS
found in the states where neither magnetic dipole LRO nor spin freez-
ing is observed in thermodynamic measurements. Figure 2a presents
the temperature dependence of the Hall conductivity sH(T) (defined
in the figure caption)measuredat a low field of 0.05Tapplied along the
[111] direction. The zero-field-cooled and the field-cooled data of
sH(T) and thus the Hall resistivity rH(T) (Supplementary Fig. 1)
bifurcate at TH< 1.5K, a temperature which is nearly an order of
magnitude higher than Tf< 0.3K, although the longitudinal conduc-
tivity s(T) (Fig. 2b, inset) and resistivity r(T) (Supplementary Fig. 1)
does not exhibit any detectable bifurcation. The bifurcation in sH(T)
suggests the emergence of a spontaneous component. To avoid a
(partial) cancellation of sH due to a domain formation, we have per-
formed field sweep measurements up to 7T at various temperatures.
Corresponding to the above bifurcation found in sH(T), the field
dependence of sH(B) forBjj[111] atT,TH< 1.5K shows a hysteresis
between field up and down sweeps, which is accompanied by a finite

remnant Hall conductivity at B5 0 (Fig. 3a, inset). In sharp contrast,
the field dependence of the magnetization M(B) shows no hysteresis
within our experimental accuracy (,1023mB) at T,TH, and only a
small hysteresis at T,Tf (Fig. 3b, inset). Our observations on
sH(B5 0,T) andM(B5 0,T) at various temperatures are summarized
in Fig. 2b. This is evidence of a remarkable separation between the two
temperature scales TH and Tf. Upon cooling, the TRS is broken spon-
taneously and macroscopically at TH without any apparent LRO of
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Figure 2 | Temperature dependence of the magnetic and transport
properties of Pr2Ir2O2. a, Temperature dependence of the Hall conductivity
sH (left axis) and the direct-current susceptibility x5M/H (right axis)
under a magnetic field of B5 0.05 T along the [111] direction. e.m.u.,
electromagnetic unit. Here, Hall conductivity is given by sH52rH/
(rH

21 r2), where rH is the Hall resistivity and r is the longitudinal
resistivity. Both the zero-field-cooled (ZFC) and field-cooled (FC) results are
plotted. Vertical dashed lines denoteTH< 1.5 K andTf< 0.3 K, respectively.
b, Temperature dependence of the remnant Hall conductivity sH(B5 0)
(left axis) and remnant magnetization M(B5 0) (right axis) at zero field,
obtained after a field sweep down from 7T in the hysteresis loop
measurements (Supplementary Information). The inset shows the
temperature dependence of the longitudinal conductivity s5 1/r under
B5 0.05 T along the [111] direction. No hysteresis is found between the
results obtained in the ZFC and FC sequences. c, Temperature dependence of
the nonlinear susceptibility x3 (Supplementary Information) (left axis), and
magnetic specific heat Cm (right axis) under zero field, adapted from ref. 22.
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large 
χ3!

LAB theory 
predicts χ3 ∼  T-1.7

Usually, the AHE arises in ferromagnets because the spontaneous
magnetization breaks the TRS macroscopically even in the absence of
applied magnetic field. The dominant part of the AHE in moderately
dirty ferromagneticmetals can be captured by the band-intrinsicmech-
anism4,16. The adiabatic motion of electrons under an electric field E
(ref. 17) acquires the Berry phase18 because of the relativistic spin-orbit
interaction and the net spin polarization. This phase acts as a mac-
roscopic fictitious magnetic field b that bends the orbital motion of
electrons like the Lorentz force does due to a realmagnetic fieldB. Thus,
it causes theAHEcharacterizedby a finiteHall conductivitysHatB5 0.

In general, however, the source of the fictitious magnetic field b,
namely, the condition for observing the AHE at B5 0, is not
restricted to the magnetization, but to the macroscopically broken
TRS19, which means that the time-reversal operation cannot be com-
pensated by any other symmetry operations of the crystal (Sup-
plementary Information). In particular, the scalar spin chirality in
non-coplanar ferromagnets or canonical spin glasses can also pro-
duce the fictitious field and thus the AHE4,5,12,13,20, as indeed has been
observed in Nd2Mo2O7 (ref. 5), AuMn (refs 6, 7), and MnSi (refs 9,
10). In these pioneering works, however, the spin chirality is not the
primary order parameter, but only accompanies a chiral spin texture
of a magnetic dipole LRO or is induced by the applied magnetic field.
Thus, it has remained an important open issue to find a possible
chiral spin-liquid phase3 by probing the macroscopically broken
TRS through the AHE at zero magnetic field.

Here, we report the discovery of a TRS-broken phase in the absence
of bothmagnetic dipole order and spin freezing in the thermodynamic
measurements, suggesting a chiral spin-liquid state. In particular, we
observed a spontaneous Hall effect in the absence of uniform mag-
netization within experimental accuracy in the metallic cooperative
paramagnet Pr2Ir2O7 above its spin freezing temperature, as indicated
by the bifurcation of the susceptibility. Both the experiment and the
theory suggest that a chiral spin-liquid phase is inducedbymelting of a
spin ice, because the quantum fluctuations of the Pr 4f magnetic
moments21 were stronger than in dipolar spin-ice systems14,15.

The pyrochlore iridate Pr2Ir2O7 has an antiferromagnetic Curie–
Weiss temperature HW<220K, mainly due to the correlations
among,111. 4f Isingmagneticmoments of Pr31 ions, which point
either inwards to or outwards from the centre of the Pr tetrahedron
(Fig. 1b and c)22,23. Ir 5d conduction electrons are weakly correlated
and remain in a Pauli paramagnetic state22. They mediate the RKKY
interaction between Pr 4f moments via the Kondo coupling. The
absence of any sharp anomalies indicating conventional magnetic
LRO in the measurements of specific heat, magnetic susceptibility,
and muon spin relaxation (mSR)22,24 signals strong geometrical frus-
tration15. Only a spin freezing is observed in the magnetic suscepti-
bility below Tf< 0.3 K, which is two orders of magnitude lower than
jHWj< 20K (ref. 22) (Fig. 2a). Therefore, below jHWj, the 4f
moments probably remain in a cooperative paramagnetic state down
to at least Tf< 0.3 K (refs 22, 24).

First, we show our main experimental evidence for the broken TRS
found in the states where neither magnetic dipole LRO nor spin freez-
ing is observed in thermodynamic measurements. Figure 2a presents
the temperature dependence of the Hall conductivity sH(T) (defined
in the figure caption)measuredat a low field of 0.05Tapplied along the
[111] direction. The zero-field-cooled and the field-cooled data of
sH(T) and thus the Hall resistivity rH(T) (Supplementary Fig. 1)
bifurcate at TH< 1.5K, a temperature which is nearly an order of
magnitude higher than Tf< 0.3K, although the longitudinal conduc-
tivity s(T) (Fig. 2b, inset) and resistivity r(T) (Supplementary Fig. 1)
does not exhibit any detectable bifurcation. The bifurcation in sH(T)
suggests the emergence of a spontaneous component. To avoid a
(partial) cancellation of sH due to a domain formation, we have per-
formed field sweep measurements up to 7T at various temperatures.
Corresponding to the above bifurcation found in sH(T), the field
dependence of sH(B) forBjj[111] atT,TH< 1.5K shows a hysteresis
between field up and down sweeps, which is accompanied by a finite

remnant Hall conductivity at B5 0 (Fig. 3a, inset). In sharp contrast,
the field dependence of the magnetization M(B) shows no hysteresis
within our experimental accuracy (,1023mB) at T,TH, and only a
small hysteresis at T,Tf (Fig. 3b, inset). Our observations on
sH(B5 0,T) andM(B5 0,T) at various temperatures are summarized
in Fig. 2b. This is evidence of a remarkable separation between the two
temperature scales TH and Tf. Upon cooling, the TRS is broken spon-
taneously and macroscopically at TH without any apparent LRO of
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Figure 2 | Temperature dependence of the magnetic and transport
properties of Pr2Ir2O2. a, Temperature dependence of the Hall conductivity
sH (left axis) and the direct-current susceptibility x5M/H (right axis)
under a magnetic field of B5 0.05 T along the [111] direction. e.m.u.,
electromagnetic unit. Here, Hall conductivity is given by sH52rH/
(rH

21 r2), where rH is the Hall resistivity and r is the longitudinal
resistivity. Both the zero-field-cooled (ZFC) and field-cooled (FC) results are
plotted. Vertical dashed lines denoteTH< 1.5 K andTf< 0.3 K, respectively.
b, Temperature dependence of the remnant Hall conductivity sH(B5 0)
(left axis) and remnant magnetization M(B5 0) (right axis) at zero field,
obtained after a field sweep down from 7T in the hysteresis loop
measurements (Supplementary Information). The inset shows the
temperature dependence of the longitudinal conductivity s5 1/r under
B5 0.05 T along the [111] direction. No hysteresis is found between the
results obtained in the ZFC and FC sequences. c, Temperature dependence of
the nonlinear susceptibility x3 (Supplementary Information) (left axis), and
magnetic specific heat Cm (right axis) under zero field, adapted from ref. 22.
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Hall conductivity with 
“zero” magnetization

small How much Hall conductivity 
does small M produce?



Anomalous Hall

• Recall striking Pr2Ir2O7 experiments

Usually, the AHE arises in ferromagnets because the spontaneous
magnetization breaks the TRS macroscopically even in the absence of
applied magnetic field. The dominant part of the AHE in moderately
dirty ferromagneticmetals can be captured by the band-intrinsicmech-
anism4,16. The adiabatic motion of electrons under an electric field E
(ref. 17) acquires the Berry phase18 because of the relativistic spin-orbit
interaction and the net spin polarization. This phase acts as a mac-
roscopic fictitious magnetic field b that bends the orbital motion of
electrons like the Lorentz force does due to a realmagnetic fieldB. Thus,
it causes theAHEcharacterizedby a finiteHall conductivitysHatB5 0.

In general, however, the source of the fictitious magnetic field b,
namely, the condition for observing the AHE at B5 0, is not
restricted to the magnetization, but to the macroscopically broken
TRS19, which means that the time-reversal operation cannot be com-
pensated by any other symmetry operations of the crystal (Sup-
plementary Information). In particular, the scalar spin chirality in
non-coplanar ferromagnets or canonical spin glasses can also pro-
duce the fictitious field and thus the AHE4,5,12,13,20, as indeed has been
observed in Nd2Mo2O7 (ref. 5), AuMn (refs 6, 7), and MnSi (refs 9,
10). In these pioneering works, however, the spin chirality is not the
primary order parameter, but only accompanies a chiral spin texture
of a magnetic dipole LRO or is induced by the applied magnetic field.
Thus, it has remained an important open issue to find a possible
chiral spin-liquid phase3 by probing the macroscopically broken
TRS through the AHE at zero magnetic field.

Here, we report the discovery of a TRS-broken phase in the absence
of bothmagnetic dipole order and spin freezing in the thermodynamic
measurements, suggesting a chiral spin-liquid state. In particular, we
observed a spontaneous Hall effect in the absence of uniform mag-
netization within experimental accuracy in the metallic cooperative
paramagnet Pr2Ir2O7 above its spin freezing temperature, as indicated
by the bifurcation of the susceptibility. Both the experiment and the
theory suggest that a chiral spin-liquid phase is inducedbymelting of a
spin ice, because the quantum fluctuations of the Pr 4f magnetic
moments21 were stronger than in dipolar spin-ice systems14,15.

The pyrochlore iridate Pr2Ir2O7 has an antiferromagnetic Curie–
Weiss temperature HW<220K, mainly due to the correlations
among,111. 4f Isingmagneticmoments of Pr31 ions, which point
either inwards to or outwards from the centre of the Pr tetrahedron
(Fig. 1b and c)22,23. Ir 5d conduction electrons are weakly correlated
and remain in a Pauli paramagnetic state22. They mediate the RKKY
interaction between Pr 4f moments via the Kondo coupling. The
absence of any sharp anomalies indicating conventional magnetic
LRO in the measurements of specific heat, magnetic susceptibility,
and muon spin relaxation (mSR)22,24 signals strong geometrical frus-
tration15. Only a spin freezing is observed in the magnetic suscepti-
bility below Tf< 0.3 K, which is two orders of magnitude lower than
jHWj< 20K (ref. 22) (Fig. 2a). Therefore, below jHWj, the 4f
moments probably remain in a cooperative paramagnetic state down
to at least Tf< 0.3 K (refs 22, 24).

First, we show our main experimental evidence for the broken TRS
found in the states where neither magnetic dipole LRO nor spin freez-
ing is observed in thermodynamic measurements. Figure 2a presents
the temperature dependence of the Hall conductivity sH(T) (defined
in the figure caption)measuredat a low field of 0.05Tapplied along the
[111] direction. The zero-field-cooled and the field-cooled data of
sH(T) and thus the Hall resistivity rH(T) (Supplementary Fig. 1)
bifurcate at TH< 1.5K, a temperature which is nearly an order of
magnitude higher than Tf< 0.3K, although the longitudinal conduc-
tivity s(T) (Fig. 2b, inset) and resistivity r(T) (Supplementary Fig. 1)
does not exhibit any detectable bifurcation. The bifurcation in sH(T)
suggests the emergence of a spontaneous component. To avoid a
(partial) cancellation of sH due to a domain formation, we have per-
formed field sweep measurements up to 7T at various temperatures.
Corresponding to the above bifurcation found in sH(T), the field
dependence of sH(B) forBjj[111] atT,TH< 1.5K shows a hysteresis
between field up and down sweeps, which is accompanied by a finite

remnant Hall conductivity at B5 0 (Fig. 3a, inset). In sharp contrast,
the field dependence of the magnetization M(B) shows no hysteresis
within our experimental accuracy (,1023mB) at T,TH, and only a
small hysteresis at T,Tf (Fig. 3b, inset). Our observations on
sH(B5 0,T) andM(B5 0,T) at various temperatures are summarized
in Fig. 2b. This is evidence of a remarkable separation between the two
temperature scales TH and Tf. Upon cooling, the TRS is broken spon-
taneously and macroscopically at TH without any apparent LRO of
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Figure 2 | Temperature dependence of the magnetic and transport
properties of Pr2Ir2O2. a, Temperature dependence of the Hall conductivity
sH (left axis) and the direct-current susceptibility x5M/H (right axis)
under a magnetic field of B5 0.05 T along the [111] direction. e.m.u.,
electromagnetic unit. Here, Hall conductivity is given by sH52rH/
(rH

21 r2), where rH is the Hall resistivity and r is the longitudinal
resistivity. Both the zero-field-cooled (ZFC) and field-cooled (FC) results are
plotted. Vertical dashed lines denoteTH< 1.5 K andTf< 0.3 K, respectively.
b, Temperature dependence of the remnant Hall conductivity sH(B5 0)
(left axis) and remnant magnetization M(B5 0) (right axis) at zero field,
obtained after a field sweep down from 7T in the hysteresis loop
measurements (Supplementary Information). The inset shows the
temperature dependence of the longitudinal conductivity s5 1/r under
B5 0.05 T along the [111] direction. No hysteresis is found between the
results obtained in the ZFC and FC sequences. c, Temperature dependence of
the nonlinear susceptibility x3 (Supplementary Information) (left axis), and
magnetic specific heat Cm (right axis) under zero field, adapted from ref. 22.
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large 
χ3!

LAB theory 
predicts χ3 ∼  T-1.7

Usually, the AHE arises in ferromagnets because the spontaneous
magnetization breaks the TRS macroscopically even in the absence of
applied magnetic field. The dominant part of the AHE in moderately
dirty ferromagneticmetals can be captured by the band-intrinsicmech-
anism4,16. The adiabatic motion of electrons under an electric field E
(ref. 17) acquires the Berry phase18 because of the relativistic spin-orbit
interaction and the net spin polarization. This phase acts as a mac-
roscopic fictitious magnetic field b that bends the orbital motion of
electrons like the Lorentz force does due to a realmagnetic fieldB. Thus,
it causes theAHEcharacterizedby a finiteHall conductivitysHatB5 0.

In general, however, the source of the fictitious magnetic field b,
namely, the condition for observing the AHE at B5 0, is not
restricted to the magnetization, but to the macroscopically broken
TRS19, which means that the time-reversal operation cannot be com-
pensated by any other symmetry operations of the crystal (Sup-
plementary Information). In particular, the scalar spin chirality in
non-coplanar ferromagnets or canonical spin glasses can also pro-
duce the fictitious field and thus the AHE4,5,12,13,20, as indeed has been
observed in Nd2Mo2O7 (ref. 5), AuMn (refs 6, 7), and MnSi (refs 9,
10). In these pioneering works, however, the spin chirality is not the
primary order parameter, but only accompanies a chiral spin texture
of a magnetic dipole LRO or is induced by the applied magnetic field.
Thus, it has remained an important open issue to find a possible
chiral spin-liquid phase3 by probing the macroscopically broken
TRS through the AHE at zero magnetic field.

Here, we report the discovery of a TRS-broken phase in the absence
of bothmagnetic dipole order and spin freezing in the thermodynamic
measurements, suggesting a chiral spin-liquid state. In particular, we
observed a spontaneous Hall effect in the absence of uniform mag-
netization within experimental accuracy in the metallic cooperative
paramagnet Pr2Ir2O7 above its spin freezing temperature, as indicated
by the bifurcation of the susceptibility. Both the experiment and the
theory suggest that a chiral spin-liquid phase is inducedbymelting of a
spin ice, because the quantum fluctuations of the Pr 4f magnetic
moments21 were stronger than in dipolar spin-ice systems14,15.

The pyrochlore iridate Pr2Ir2O7 has an antiferromagnetic Curie–
Weiss temperature HW<220K, mainly due to the correlations
among,111. 4f Isingmagneticmoments of Pr31 ions, which point
either inwards to or outwards from the centre of the Pr tetrahedron
(Fig. 1b and c)22,23. Ir 5d conduction electrons are weakly correlated
and remain in a Pauli paramagnetic state22. They mediate the RKKY
interaction between Pr 4f moments via the Kondo coupling. The
absence of any sharp anomalies indicating conventional magnetic
LRO in the measurements of specific heat, magnetic susceptibility,
and muon spin relaxation (mSR)22,24 signals strong geometrical frus-
tration15. Only a spin freezing is observed in the magnetic suscepti-
bility below Tf< 0.3 K, which is two orders of magnitude lower than
jHWj< 20K (ref. 22) (Fig. 2a). Therefore, below jHWj, the 4f
moments probably remain in a cooperative paramagnetic state down
to at least Tf< 0.3 K (refs 22, 24).

First, we show our main experimental evidence for the broken TRS
found in the states where neither magnetic dipole LRO nor spin freez-
ing is observed in thermodynamic measurements. Figure 2a presents
the temperature dependence of the Hall conductivity sH(T) (defined
in the figure caption)measuredat a low field of 0.05Tapplied along the
[111] direction. The zero-field-cooled and the field-cooled data of
sH(T) and thus the Hall resistivity rH(T) (Supplementary Fig. 1)
bifurcate at TH< 1.5K, a temperature which is nearly an order of
magnitude higher than Tf< 0.3K, although the longitudinal conduc-
tivity s(T) (Fig. 2b, inset) and resistivity r(T) (Supplementary Fig. 1)
does not exhibit any detectable bifurcation. The bifurcation in sH(T)
suggests the emergence of a spontaneous component. To avoid a
(partial) cancellation of sH due to a domain formation, we have per-
formed field sweep measurements up to 7T at various temperatures.
Corresponding to the above bifurcation found in sH(T), the field
dependence of sH(B) forBjj[111] atT,TH< 1.5K shows a hysteresis
between field up and down sweeps, which is accompanied by a finite

remnant Hall conductivity at B5 0 (Fig. 3a, inset). In sharp contrast,
the field dependence of the magnetization M(B) shows no hysteresis
within our experimental accuracy (,1023mB) at T,TH, and only a
small hysteresis at T,Tf (Fig. 3b, inset). Our observations on
sH(B5 0,T) andM(B5 0,T) at various temperatures are summarized
in Fig. 2b. This is evidence of a remarkable separation between the two
temperature scales TH and Tf. Upon cooling, the TRS is broken spon-
taneously and macroscopically at TH without any apparent LRO of
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Figure 2 | Temperature dependence of the magnetic and transport
properties of Pr2Ir2O2. a, Temperature dependence of the Hall conductivity
sH (left axis) and the direct-current susceptibility x5M/H (right axis)
under a magnetic field of B5 0.05 T along the [111] direction. e.m.u.,
electromagnetic unit. Here, Hall conductivity is given by sH52rH/
(rH

21 r2), where rH is the Hall resistivity and r is the longitudinal
resistivity. Both the zero-field-cooled (ZFC) and field-cooled (FC) results are
plotted. Vertical dashed lines denoteTH< 1.5 K andTf< 0.3 K, respectively.
b, Temperature dependence of the remnant Hall conductivity sH(B5 0)
(left axis) and remnant magnetization M(B5 0) (right axis) at zero field,
obtained after a field sweep down from 7T in the hysteresis loop
measurements (Supplementary Information). The inset shows the
temperature dependence of the longitudinal conductivity s5 1/r under
B5 0.05 T along the [111] direction. No hysteresis is found between the
results obtained in the ZFC and FC sequences. c, Temperature dependence of
the nonlinear susceptibility x3 (Supplementary Information) (left axis), and
magnetic specific heat Cm (right axis) under zero field, adapted from ref. 22.
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Hall conductivity with 
“zero” magnetization

small σH ∼ M1/2



How does this work?

• Consider momentum along field direction

• Crossing is protected and becomes double 
Weyl point

�2 �1 1 2

�2

�1

1

2

H(k) =
5
4k

2
z − k

2
zJ

2
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2m
−H(cos θJz + sin θJ3
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Jz=-3/2

Jz=+1/2
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2 |− |− 3

2 ��−
3
2 |

τ+ = (τx + iτy)/2 = | 12 ��−
3
2 |

carries ΔJz=2:
couples to (kx+iky)2



Double Weyl Points

kz

∂µBµ = 2δ(k −K)− 2δ(k +K)

edge states propagate in this range of kz

0

K ≈ (m H)1/2

estimate σxy ∼ 0.1− 10Ω−1cm−1 M = 0.001− 0.01for 
(m ∼ 20me, �F ∼ 10meV, JK ∼ 100K)
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General lesson: large AHE can arise from proximity to 
certain nodal states



Conclusions
• There are many good reasons to be interested in 

correlated phenomena in iridates, and we are just at the 
beginning of the exploration of these systems

• Open issues/directions:

• Slater vs Mott ?  Local versus itinerant ?  What do 
excitations tell us?

• Does SOC enhance coupling to the lattice?  
Magnetoelectric effects?

• Tuning via strain, heterostructures

• Doping, superconductivity

• Provable example of a correlated topological or spin 
liquid phase


