
Spin-orbit physics in the 
Mott regime

Leon Balents, KITP
February 2010

Thursday, February 4, 2010



FeSc2S4:

Mott transition (pyrochlore iridates) 

Collaborators

Gang Chen Andreas Schnyder
KITP -> Stuttgart

Dymtro Pesin
UT Austin

Thursday, February 4, 2010



Spin-orbit physics

Ashcroft+Mermin: an afterthought

Recently, brought to the forefront:
Quantum spin Hall effect in HgTe quantum wells
Topological band insulators: Bi1-xSbx, Bi2Se3

This is an extremely hot topic, and 
deservedly so
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Outline

1. Brief introduction to recent discoveries in 
systems with strong SOIs

2.SOIs deep in the Mott regime - 
understanding an experimental “spin liquid”

3.SOIs near the Mott transition, and a model 
for Ir pyrochlores
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Outline

1. Brief introduction to recent discoveries in 
systems with strong SOIs

2.SOIs deep in the Mott regime - 
understanding an experimental “spin liquid”

3.SOIs near the Mott transition, and a model 
for Ir pyrochlores

Warning: no DMFT!
 (Maybe there should be some?)
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Topological Insulators

3d band insulators w/ significant SOI can 
have hidden topological structure, somewhat 
similar to the IQHE

Exhibit “helical” surface states - 2d chiral Dirac 
fermions (evades Fermion doubling problem!)

Cannot be localized by disorder

Surface Hall effect <-> magnetoelectric response

Sevral experimental examples

Bi1-xSbx, Bi2Se3, Bi2Te3

3d: L. Fu, C. Kane, E. Mele (2007); J. Moore, LB (2007)
2d: Kane, Mele (2005); Bernevig, Hughes, Zhang (2006)
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Example: Bi2Te3

M.Z. Hasan group - ARPES studies
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Recent developments

Experiments:

Superconducting and ferromagnetic versions of the materials 
have been made

STM measurements have confirmed suppressed backscattering

Transport measurements show surface conduction

Theory

Novel magnetoelectric effects predicted

Superconducting-TI structures and materials predicted to host 
Majorana fermions
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What about 
interactions?
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Some theoretical 
suggestions

Spontaneous TIs in models with 
microscopic SU(2) symmetry

Antiferromagnetism from a TI - 
Na2IrO3

2d Fractionalized QSHE - spin-
charge separated TI

S. Raghu et al, 2008
T. Grover + Senthil, 2008

Y. Zhang et al, 2009

A. Shitade et al, 2009
H. Jin et al, arXiv:0907.0743

M. W. Young et al, 2008
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Materials perspective

Coulomb correlations 
reduce bandwidth

Spin-orbit enhanced 
relative to 
bandwidth

In Mott insulator, 
compare SO to J not t.

Metal TBI?

Mott II

Mott I

U/t

λ/t
schematic phase diagram 
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Strong Mott Insulators 
with strong SOIs

some Fe and Co compounds, e.g. FeSc2S4 - 
orbitally degenerate spinel

4d and 5d double perovskites - Ba2NaOsO6, 
Ba2LiOsO6 etc.

However, even in strong MIs with “weak” SOIs 
(e.g. Dzyaloshinskii-Moriya coupling at few % 
level), the SOIs can control the ground state 
when the exchange interactions are frustrated

e.g. triangular Cs2CuCl4, and probably most kagome 
materials
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Materials perspective

intermediate regime

Metal TBI?

Mott II

Mott I

U/t

λ/t
schematic phase diagram 
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Weak Mott Insulators 
with strong SOIs

Most 5d TM ions have smallish U≈1eV, and 
hence tend to be either metallic or weak 
Mott insulators

together, SOI and U can conspire to produce an 
insulating state

e.g. 5d iridates - Sr2IrO4, Na2IrO3, Na4Ir3O8 
(hyperkagome), Ln2Ir2O7 (pyrochlores)
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FeSc2S4: spin-orbital 
quantum criticality
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QSL candidates
CsCu2Cl4 - spin-1/2 anisotropic triangular 
lattice

NiGa2S4 - spin-1 triangular lattice

κ-(BEDT-TTF)2Cu2(CN)3 , EtMe3Sb[Pd(dmit)2]2 - 
triangular lattice organics

FeSc2S4 - orbitally degenerate spinel

Na4Ir3O8 - hyperkagome

ZnCu3(OH)6Cl2, Cu3V2O7(OH)2·2H2O, 
BaCu3V2O8(OH)2- kagome
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Frustration Signature
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A-site spinels
Spectrum of materials

1000

FeSc2S4

V. Fritsch et al. PRL 92, 116401 (2004); N. Tristan et al. PRB 72, 174404 (2005); T. Suzuki et 
al. (2006)

Orbital 
degeneracy

1 10 205

CoAl2O4

MnSc2S4

MnAl2O4

CoRh2O4 Co3O4
s = 5/2

s = 3/2

s = 2

f =
|ΘCW |

TN

Thursday, February 4, 2010



A-site spinels
Spectrum of materials

1000

FeSc2S4

V. Fritsch et al. PRL 92, 116401 (2004); N. Tristan et al. PRB 72, 174404 (2005); T. Suzuki et 
al. (2006)

Orbital 
degeneracy

1 10 205

CoAl2O4

MnSc2S4

MnAl2O4

CoRh2O4 Co3O4
s = 5/2

s = 3/2

s = 2

f =
|ΘCW |

TN

Thursday, February 4, 2010



Orbital degeneracy in 
FeSc2S4

Chemistry:
Fe2+: 3d6

1 hole in eg level
Spin S=2
Orbital pseudospin 1/2

Static Jahn-Teller 
does not appear
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Atomic Spin Orbit
Separate orbital and spin degeneracy can be split!

Energy spectrum: singlet GS with gap = λ

Microscopically,

Naive estimate λ ≈ 25K

HSO = −λ

(
1√
3
τx

[
(Sx)2 − (Sy)2

]
+ τz

[
(Sz)2 − S(S+1)

3

])

λ
λ =

6λ2
0

∆
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Spin orbital singlet

Ground state of λ>0 term:

Due to gap, there is a stable SOS phase for 
λ >> J.

Sz=0 − 1√
2 Sz=2( Sz=-2+ )
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Exchange

Inelastic neutrons show 
significant dispersion 
indicating exchange

Bandwidth ≈ 20K similar 
order as ΘCW and 
estimated λ

Gap (?) 1-2K

Small gap is classic 
indicator of incipient 
order

!"#$%&'()*+$$"%,'- ,'(."/*0/12(/3,'(4,5#,6()$+$"

73"','- &8(+()3,' -+3 ,'(."/*0/1

9:(;%,<<"4 et al:=(>?@):(A"B:(C"$$:(94=(0DE1F0=(0FFG
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Exchange

Inelastic neutrons show 
significant dispersion 
indicating exchange

Bandwidth ≈ 20K similar 
order as ΘCW and 
estimated λ

Gap (?) 1-2K

Small gap is classic 
indicator of incipient 
order

cally long-range ordered state of the Mn2+ moments.10 For
FeSc2S4, however, !H!T" remarkably exceeds the bulk sus-
ceptibility "!T", indicating an additional broadening mecha-
nism. The inset shows the relative linewidth !H!T" /H0 vs
"!T" with the temperature T as an implicit parameter. In the
case of magnetic broadening, !H!T" /H0 vs "!T" is expected
to scale with the irradiation frequencies #0 /2$ and/or ap-
plied fields H0.13 Toward low values of !H!T" /H0 and ",
i.e., high temperatures, the leveling off of !H!T" /H0 for dif-
ferent #0 /2$ and/or H0 indicates that a frequency and/or
field independent broadening mechanism is active and the
relative linewidth !H!T" /H0 cannot be explained based on
magnetic effects only.

Therefore, we attribute this contribution of !H to the in-
teraction between the electric quadrupole moment Q of the
probing nuclei and an EFG at the scandium site !B site".
Indeed, the drastic increase of !H resembles the temperature
dependence of the EFG at the A site deduced from the quad-
rupole splitting in Mössbauer experiments,17 where the enor-
mous increase of the EFG toward lower temperatures has
been explained taking into account the effects of second or-
der spin-orbit coupling and random strains on the vibronic e
doublet ground state.17 Dielectric spectroscopy indicates that
the orbital reorientation drastically slows down and is well
below 1 MHz for T%75 K.6 Hence, viewed from the time
scale set by the NMR experiment, the charge distribution of
orbitals appears to be almost frozen in producing a static
EFG at the probing nuclear site.

Figure 4 presents the temperature dependences of the
spin-spin relaxation rates 1 /T2!T" of FeSc2S4 and MnSc2S4.
At high temperatures both compounds exhibit temperature
independent rates and almost identical values of 1 /T2 result-
ing from exchange narrowing due to fast spin fluctuations.
Lowering the temperature, the spin-spin relaxation in the
manganese compound diverges and shows a peak at TN as is
usually observed in antiferromagnets !AFM".18 A fit of a
critical behavior 1 /T2& #!T−TN" /TN$−' with TN=2 K and

'=0.23 !for 2%T%70 K" is shown in the inset of Fig. 4.
This value roughly meets the theoretical prediction '=0.3
for a three-dimensional !3D" Heisenberg AFM.19 But it has
clearly to be stated that critical exponents are only defined
near TN and in zero magnetic fields. In contrast, the spin-spin
relaxation rate 1 /T2!T" in the iron compound decreases to-
ward low temperatures, exhibits a minimum at around 10 K,
and slightly increases again at lowest temperatures. As there
is no long-range magnetic order in FeSc2S4,5,20 this increase
of 1 /T2!T" for T%10 K does not indicate the vicinity of a
magnetically ordered state, but more likely is due to a release
of the exchange narrowing mechanism as orbital fluctuations
or orbital glassiness6 weaken the exchange interaction to-
ward low temperatures.

Finally, the temperature dependences of the spin-lattice
relaxation rates 1 /T1!T" are shown in Fig. 5. In MnSc2S4,
1 /T1!T" exhibits the common behavior of long-range ordered
AFMs with a divergent relaxation rate at the magnetic order-
ing temperature TN=2 K. At high temperatures, 1 /T1!T" lev-
els off at a constant value of 1 /T1%0.6 ms−1 which is
slightly below the value reported recently.10 In FeSc2S4,
1 /T1!T" at elevated temperatures is temperature independent
with a value of 1 /T1%3 ms−1, strongly enhanced when com-
pared to MnSc2S4. In the case of a predominant nuclear re-
laxation mechanism provided by fluctuations of localized
spins, 1 /T1!T" in the high-temperature limit is 1 /T1(

=&2$!)g*BAhf /z!"2z!S!S+1" / !3#ex" with the exchange fre-
quency of local spins #ex=kB '+CW ' / #,&zS!S+1" /6$.10,21

The constants z=4 and z!=6 define the numbers of
exchange-coupled local spins and that of local spins interact-
ing with the probing nuclei, respectively.10 From a plot K
versus " !not shown" we checked that MnSc2S4 as well as
FeSc2S4 exhibit the same value of the hyperfine coupling
constant Ahf%3 kOe/*B. Due to the lower spin value and
the higher value of the Curie-Weiss temperature in the case
of FeSc2S4, the relaxation rate in the high-temperature limit

FIG. 4. !Color online" Spin-spin relaxation rates 1 /T2!T" of
FeSc2S4 !circles" and MnSc2S4 !triangles" at 90 MHz. Inset: the
line is a fit of a divergent behavior !TN=2 K" for MnSc2S4 !see
text".

FIG. 5. !Color online" Spin-lattice relaxation rates 1 /T1!T" of
FeSc2S4 !circles" and MnSc2S4 !triangles" at 90 MHz. Inset:
Arrhenius plot of 1 /T1!T" for FeSc2S4. The solid line fits an acti-
vated behavior 1 /T1&exp!−! /kBT" with !=0.2 meV.

BRIEF REPORTS PHYSICAL REVIEW B 73, 132409 !2006"

132409-3

N. Büttgen et al, PRB 73, 132409 (2006)
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Exchange

Most general symmetry-allowed form of 
exchange coupling (neglecting SOI)

Hex =
1
2

∑

ij

{
JijSi · Sj + Kijτ i · τ j + K̃ijτ

y
i τy

j

+
[
Lijτ i · τ j + L̃ijτ

y
i τy

j

]
Si · Sj

}
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Exchange
Largest interaction is just Heisenberg 
exchange

More exchange processes contribute

Hex ≈
1
2

∑

ij

JijSi · Sj

J J J J+K
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Minimal Model

Neutron scattering 
suggests peak close 
to 2π(100)

Indicates J2 >> J1

!"#$%&'()*+$$"%,'- ,'(."/*0/12(/3,'(4,5#,6()$+$"

73"','- &8(+()3,' -+3 ,'(."/*0/1

9:(;%,<<"4 et al:=(>?@):(A"B:(C"$$:(94=(0DE1F0=(0FFG

Hmin = J2

∑

〈〈ij〉〉

Si · Sj + HSO
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Minimal Model

Neutron scattering 
suggests peak close 
to 2π(100)

Indicates J2 >> J1

!"#$%&'()*+$$"%,'- ,'(."/*0/12(/3,'(4,5#,6()$+$"

73"','- &8(+()3,' -+3 ,'(."/*0/1

9:(;%,<<"4 et al:=(>?@):(A"B:(C"$$:(94=(0DE1F0=(0FFG

Hmin = J2

∑

〈〈ij〉〉

Si · Sj + HSO

Expect MFT good in 3+1 dimensions
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Quantum Critical Point

Mean field phase diagram

λ/J2

T

2π(100) AF
Ferro OO

16

SO singlet

FeSc2S4
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Predictions
Large T=0 susceptibility (estimated)

Scaling form for (T1T)-1 ~  f(Δ/T)

Specific heat Cv ~ T3 f(Δ/T)

Possibility of pressure-induced ordering

Magnetic field suppresses order

opposite to simple “dimer” antiferromagnet

✓

✓

✓
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Conclusions on FeSc2S4

Orbital degeneracy and spin orbit provides 
an exciting route to quantum 
paramagnetism and quantum criticality

entangled spin-orbital singlet ground state in an 
S=2 magnet!

Look for our papers for more details
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Mott transition with 
SOIs

Study this phase 
diagram in a concrete 
case

Metal TBI?

Mott II

Mott I

U/t

λ/t
schematic phase diagram 
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Pyrochlore iridates

Formula: Ln2Ir2O7

both Ln and Ir 
atoms occupy 
pyrochlore lattices

Cubic, FCC Bravais 
lattice

Ln carry localized 
moments only 
important at low T

Introduction
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Resistivity (polycrystalline samples)
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
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Metal-Insulator 
Transition

Decreasing Ir-O-Ir 
bond angle makes 
more insulating

Phase Diagram
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TMI tends to increase as the ionic radius of 
Ln3+ becomes smaller.

The MIT temperature TMI does not depend on 
the de Gennes factor and the magnetism of Ln3+.

Electronic correlation effect is important.

・These MIT are a second-order transition.

・The resistivity depends on the ionic radius of Ln.

・The insulating phase involves a magnetic 

    ordering driven by 5d electrons.

Ln：heavy rare-earth  　　Mott insulator

Weak FM

A difference of M(T) between FC and ZFC

As Ir-O-Ir bond angle becomes decreases, 
t2g band width becomes narrower.
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K. Matsuhira et al, 2007
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Spin orbit coupling

Estimate (?) λ ≈ 0.5 eV
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octahedral Ir4+: (t2g)5

effective l=1 orbital degeneracy

Ir-O-Ir hopping 

dominant Vpdπ channel

Spin-orbit coupling

 

Hubbard U

Model

IrO

HSOI = −λ"L · "S
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U=0 Band Structure

3 x 4 = 12 doubly 
degenerate bands

λ<2.8t: overlap at 
Fermi energy: metal

λ>2.8t: bands 
separate

only j=1/2 states 
near Fermi energy

3

!
"
#$
%&

'(
)*
+,
-
!

! . ! " ! # $

/
"
0+

FIG. 2: Electronic band structure of Ir 5d electrons on the pyrochlore lattice at large spin-orbit coupling, λ → ∞. Only the
relevant eight (four doubly degenerate) bands are shown. Energy is counted from λ. A band gap between the filled lower four
bands and empty upper four bands is clearly seen.

the energy difference between the Ir d and O p states. The dimensionless hopping matrices T ii′

αα′ , arising from the
Ir-O-Ir hopping path, taking into account the rotation between the local cubic axes of each Ir ion, are given in the
supplementary material.

Band structure: The Hamiltonian (1) contains two dimensionless parameters: λ/t and U/t, which define the phase
diagram in Fig. 4. It is instructive to consider first various simple limits. For U = 0, we have a free electron model,
which is of course exactly soluble. Due to inversion symmetry, one obtains in general 12 doubly degenerate bands.
For small λ/t, these overlap at the Fermi energy and one obtains a metal. For large λ/t, the upper 4 bands originating
from the j = 1/2 doublet become well-separated from the lower 8 bands. Because there are four holes per unit cell,
the upper 4 bands are half-filled in total. On inspection, we see (Fig. 2) that they exhibit a band gap, indicating
the formation of a band insulator at large λ. As shown by Fu and Kane, one can determine the band topology of
an insulator with inversion symmetry either from the parity of the Hamiltonian eigenstates at time-reversal invariant
momenta [19], or from the number of Dirac points on the surface of the insulator. Applying the first criterion (see
Supplemental material), we find that the large λ/t state is a pure “strong” TBI of the spinons (the weak Z2 invariants
vanish, consistent with cubic symmetry). We also calculated the surface state spectrum (Fig. 3), which shows the
required odd number of intersections with the Fermi level on passing between time reversal invariant surface momenta.
The behavior for general λ/t is as follows. For λ/t < 2.8, the one obtains a metallic state, while for λ/t > 2.8 the
bands separate at the Fermi energy. For almost all of this range of large λ/t, the system is a (strong) TBI. However,
an “accidental” closing of the band gap occurs at λ/t = 3.3, at which point it is a zero-gap semiconductor with 8
Dirac points located along the 〈111〉 directions in reciprocal space. Because the number of these Dirac points is even,
there is no change in band topology due to the gap closure.

Strong coupling limit: Now consider large U/t. In this limit, one has a Mott insulator, and the Hamiltonian
is effectively projected into the space of one hole per Ir site, and the system is described by a spin-orbit (Kugel-
Khomskii type) model. Superexchange leads to spin (and orbital) exchange of order J ∼ t2/U $ t. We see that
in this limit SOI is only weak if λ $ J $ t. Thus the strong SOI regime is greatly enhanced with increasing
correlations, as the relevant “bandwidth” for large U is exchange rather than hopping. Since the general spin-orbital
Hamiltonian is cumbersome, and only relevant for very weak SOI, we will focus only on the strong SOI regime. Here,
only the half-filled doublet at each site is relevant, and the effective Hamiltonian is of Heisenberg spin-exchange type,
with an effective spin 1/2 at each site. The derivation of the low-energy Hamiltonian by second order degenerate
perturbation theory is standard. It is customary to write the resulting Hamiltonian as a sum of isotropic exchange,
Dzyaloshinskii-Moriya (DM), and anisotropic exchange parts:

Hspin =
4t2

U

∑

ii′

[
− 19

243
+ J "Si

"Si′ + "Dii′ · "Si × "Si′ + "Si ·←→Γ ii′ · "Si′

]
(2)

The convention to make the choice of Dii′ unique is that i′ > i. Since all D’s and Γ’s are related by symmetry, it is

EF
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Topological Band 
Insulator

Inversion Symmetry: 

Fu-Kane give simple criterion for parity eigenvalues

Strong TBI (weak invariants all zero by cubic 
symmetry)

Surface states 4

!
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0! 0!"!"#$$

FIG. 3: Projected bulk spectrum (gray), and the surface spectrum (solid blue line) for a (010) surface. The spectrum is plotted
as a function of the surface wave vector ksurf ≡ (kx, kz) running from Γ̄ = (0, 0) to X̄ = (0, 2π).

enough to specify them for one bond only:

J =
49132
177147

,

!D01 =
7280
59049

(0, 1,−1) , (3)

and
←→
Γ 01 is negligibly small (see Supplementary material). Spin ordering in this model was considered in Ref. [20].

Our DM term corresponds to the “indirect” case of Ref. [20], and |D|/J ≈ 0.63, i.e. very large DM interactions. In
this case, a magnetically ordered ground state is expected, which breaks point group symmetries but does not enlarge
the unit cell.

Slave-Rotor approach: An exact or accurate numerical solution for the full phase diagram for Eq. (1) is very
challenging, especially at intermediate U/t. To study it, we employ the slave-rotor approximation of Ref. [21]. This
approach has a number of merits. It becomes exact for U/t = 0, and captures the bandwidth reduction with
increasing U/t. Its predictions for Hubbard models on other frustrated lattices without SOI at intermediate U/t are
in agreement with more controlled approaches such as the path integral renormalization group[22], Gutzwiller-type
variational wavefunctions[23], and the variational cluster method [24]. Since we will see that the Mott transition occurs
at smaller U/t with increasing λ/t, we expect that the slave-rotor approximation should be reasonable to describe it
for the full range of SOI. It clearly fails at large U/t, but we can substitute direct analysis of the spin-orbital model
in that limit.

To this end we decompose the physical electron annihilation operator as dRiα = e−iθRifRiα, where the angle θRi

is the conjugated variable to the number of electrons on site R, i (the “angular momentum” of the rotor), and the
“spinon” fRiα carries the rest of the degrees of freedom. The constraint LRi =

∑
α f†

RiαfRiα − nd, restricting the
physical part of the Hilbert space, is treated on average. Further, we use the mean-field decomposition of the hopping
term that couples the spinons and rotors according to AB → A 〈B〉+B 〈A〉. This Mean Field Theory (MFT) reduces
the Hamiltonian (1) to two uncoupled Hamiltonians for spinons and rotors:

Hf =
∑

Riα

(εα − µ− h)f†
RiαfRiα + t Qf

∑

〈Ri,R′i′〉
αα′

T ii′

αα′f†
RiαfR′i′α′

Hθ =
U

2

∑

Ri

L2
Ri + h(LRi + nd) + t Qθ

∑

〈Ri,R′i′〉

eiθRi−iθR′i′ . (4)

Here LRi = −i ∂
∂θRi

, the coordinate-independent Lagrange multiplier h is introduced to treat the constraint on the
angular momentum, and the couplings Qf and Qθ need to be determined self-consistently from Qf =

〈
eiθRi−iθRi′

〉
,

surface Dirac point(100) surface
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Very large U/t
For λ >> J ~ t2/U, reduces to Heisenberg “spin” 

model for j=1/2 eigenstates

This model has been extensively studied

Axis of D-vector fixed by symmetry

very large DM:

Ground state for |D|/J > 0.3 is definitely 
magnetically ordered

Hspin =
4t2

U

∑

ii′

[
J !Si · !Si′ + !Dii′ · !Si × !Si′ + !Si ·←→Γ ii′ · !Si′

]
.

|D|/J =
5460
12283

√
2 ≈ 0.63

Elhajal et al, 2005

structures which are not obtained in the simulations.

This underlines that the magnetic structures observed in

the simulations are the result of an entropic selection by

thermal fluctuations !which are absent in the mean-field
treatment".
The structures found in the Monte Carlo simulations

are q=0 structures: the magnetic elementary cell is identical

to the crystallographic one !one tetrahedron". This justifies
the following mean-field approximation which assumes

a wave vector q=0 and will give the corresponding magnetic

structures which minimize the energy. The following

mean-field approach thus neglects any thermal fluctuation

!T=0" and consists of minimizing the energy of one tetrahe-
dron with respect to the spins coordinates !the eight

angles defining the directions of the four spins of one tetra-

hedron".
Doing so, one finds that there is a continuous degeneracy

of states which minimize the energy of one tetrahedron.

These states can be classified in two sets. The first

one is made of the coplanar states obtained in the Monte

Carlo simulations and have a continuous global degree

of freedom which is a global rotation in the plane !rotation
around z in Fig. 6". The second set of lowest-energy states
contains noncoplanar states which can be described starting

from a coplanar structure. Starting from the coplanar struc-

ture of Fig. 6, one can parametrize the noncoplanar states as

follows:

S1 =#cos ! cos$" !
#

4
% ,

cos ! sin$" !
#

4
% ,

sin!!" ,
&

S2 =#cos ! cos$! " +
#

4
% ,

cos ! sin$! " +
#

4
% ,

! sin!!" ,
&

S3 =#cos ! cos$! " !
3#

4
% ,

cos ! sin$! " !
3#

4
% ,

! sin!!" ,
&

S4 =#cos ! cos$" +
3#

4
% ,

cos ! sin$" +
3#

4
% ,

sin!!" ,
&

where the spins are labeled as in Fig. 2 and where " and !
are not independent,

! = arctan!'2 sin "" . !2"

As soon as Eq. !2" is true, the corresponding state is one
of the degenerate ground states. The state represented in Fig.

6 corresponds to !="=0. In Eq. !2", ! is restricted to

(!# /4 ,# /4); however, starting from a state equivalent to the
one of Fig. 6 but where the spins are coplanar in the !zx" or
!yz" plane, one can write down the same kind of parametri-
zation of lowest-energy states. Note that the degeneracy due

to the free choice of one of the two angles (! or " in Eq. !2")
corresponds to a global degree of freedom for the pyrochlore

lattice, so that the macroscopic degeneracy of the pyrochlore

antiferromagnet without DMI’s is lifted and thus a phase

transition due to DMI’s is expected already on a mean-field

level.

The conclusion of the mean-field treatment is thus that

the coplanar state represented in Fig. 6 is a ground state as

well as the equivalent coplanar states in the !zx" and !yz"
planes, and these three states can be obtained one from

another by distorting continuously the magnetic structure

while staying at the minimum of the energy. However, the

intermediate states are not coplanar. The structure !in phase
space" of the lowest-energy states is sketched in Fig. 7.
As we shall see, the planar and noncoplanar states are not

equivalent as soon as temperature is not zero: they all mini-

mize the energy but the thermal fluctuations will favour the

planar states.

Finally, the magnetic structures for the direct and indirect

cases are very different. There is, however, no reason for

them to be related on a frustrated !nonbipartite" lattice. For
instance, the magnetic structures for J$0 and J%0 are very
different on the pyrochlore lattice, the ferromagnetic system

being magnetically ordered, whereas the antiferromagnetic

has a spin-liquid ground state.

3. Order by disorder

This discrepancy between the two approaches !mean field
and Monte Carlo" is interpreted as an entropic effect: the
mean-field approach neglects the thermal fluctuations and

identifies the ground states with the minima of the energy.

However, the fluctuations around the different minima are

not equivalent. Some of them are entropically favorable, and

FIG. 6. Ground state in the case of indirect DMI’s. The ground

state for the whole pyrochlore lattice is a q=0 structure so that only

one tetrahedron is represented. Similar structures in the zx and yz

planes are degenerate. Other noncoplanar states have the same en-

ergy but do not participate in the low-temperature properties !order
by disorder; see text".

ORDERING IN THE PYROCHLORE ANTIFERROMAGNET… PHYSICAL REVIEW B 71, 094420 !2005"

094420-5
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them to be related on a frustrated !nonbipartite" lattice. For
instance, the magnetic structures for J$0 and J%0 are very
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Intermediate U
Slave-rotor approximation

Seems to give qualitatively reasonable results for 
frustrated Hubbard models (triangular, 
checkerboard, hyperkagome) in agreement with 
several numerical approaches

Does not describe nesting/SDW physics

Simple to implement

Decouple to produce independent MF dynamics for 
rotors (charge) and spinons

Should be solved self-consistently 

c†a = eiθf†
a

Florens, Georges (2004)
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Phase Diagram
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Phase Diagram

U/t

λ/t2.80
0

metal TBI

Magnetic order

TMIGM
I

spinons 
in Z2 TBI 

state7.6
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Topological Mott 
Insulator

A U(1) spin liquid

Gapless photon

Stable only in 3d

Gapless “topological 
spin metal” at surface

Magnetic monopole 
excitations carry spin 
or charge?

U/t

λ/t2.80
0

metal TBI

Magnetic order

TMI

GM
I

7.6

3.8
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metal-TBI transition
Long-range Coulomb: excitons

U/t

λ/t2.80
0

metal TBI

Magnetic order

TMIGM
I

7.6

3.8

probably weakly magnetic

c.f. Halperin, Rice (1968)
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Back to iridates

Experiments show continuous T>0 MITsIntroduction
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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

K. Matsuhira et al, 2007
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Back to iridates

Experiments show continuous T>0 MITs

Anomaly in magnetization at TMI
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・The anomalies observed at TMI have a commonality. 
An ordering from 5d electrons.

3

closest to QCP

K. Matsuhira et al, 2007

J=0
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metal-TBI transition
Perhaps consistent with an excitonic state?

U/t

λ/t2.80
0

metal TBI

Magnetic order

TMIGM
I

7.6

3.8

this transition? probably too optimistic!
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Conclusions
Spin-orbit interactions become increasingly important 
with increased correlations due to reduction in effective 
bandwidth

especially true in situations with orbital degeneracy

Interesting new phases and transitions possible in 5d 
TMOs

Advertisement for other group activities:

Double perovskites (Ba2NaOsO6...)

Various frustrated quantum magnets

Mott transition in TMO heterostructures
Reference - FeSc2S4:  PRL 102, 096406 (2009), # arXiv:0907.1692

Mott+SO: arXiv:0908.2962
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