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Layout: Investigating the interactions in osmates (5d3) and 
iridates (5d5) with neutron and resonant x-ray scattering

• Motivation: General interest in 5d oxides and MITs

• Sr2IrO4: Jeff=1/2 Mott iridate 5d5

– Links to cuprates
– Doping with Ru and Sn

• NaOsO3: Magnetically driven MIT
– Following the magnetic interactions through the MIT

NaOsO3

Sr2IrO4
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Interaction 3d (e.g.
Cu)

5d (e.g
Ir) 

Coulomb 
interaction, U
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Spin-orbit 
coupling (λ)

0.01 eV 0.5 eV

Crystal field 
splitting

1-2 eV 1-4 eV

General Motivation: probing magnetic interactions in 5d3 and 5d5

compounds with MITs 

Witczak-Krempa, et al., An. Rev. 
Cond. Mat. (2014)
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Mott MIT (1949)  
Coulomb interactions, U, open gap at Fermi 
energy resulting in a MIT. Discontinuous.

FIG.3[3]
In the above figure, p band remain unchanged after including the inter-

act ion U , however, the d band plits into two suband and open up a charge
gap. The corresponding state becomes an insulator.

If the interact ion is very strong U � t then we can expand this theory in
terms of t/U , which behavior like a small parameter.

Moreover, the second-order perturbat ion theory in terms of t/U leads to
the t� J model[3]:

Ht�J = �
X

Pd(tijc
†
i�
cj� + h.c.)Pd + J

X�!
S i ·

�!
S j

here Pd is a project ion operator to exclude the double occupancy of par-
t icles at the same site.

Themetal insulator t ransit ion in Hubbard model hastwo types: thefilling
control t ransit ion(FC-MIT) and the bandwidth control t ransit ion(BC-MIT)

The FC-MIT is varying the electron concentrat ion or the chemical po-
tent ial µ/U . TheBC-MIT is varying hopping energy of electron or the band
width t/U . The following is the phase diagram of metal insulator in the
Hubbard model and the two kinds of phase transit ion:(wewill seebelow that
the scaling behavior of these twe type phase transit ion is di�erent)

5

Magnetic MIT (1951)
Proposed in 1951 by Slater: 
Magnetic order alone opens 
an electronic band gap.

Slater: Ordered moments create mean field confining electrons.
Lifshitz: Small U and large hybridization drive renormalization of the 
Fermi surface
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Preformed moments add to model, but do not drive MIT.

– Continuous phase transition.

– TN = TMIT

– Magnetic order introduces 
periodic potential (e.g. G-type 
AFM).
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Sr2IrO4: A Mott insulator(?) 
•  Ir4+ (5d5) 
•  Cubic CEF splitting and large SOC 

•  Signature of Jeff=1/2 Mott SOC from RXS 

Jeff=1/2 
5d 

J=5/2 

J=3/2 

Jeff=3/2 

5d 

Crystal field 
splitting 

SOC 
splitting 

eg 

dx
2

-y
2 d3z

2
-r

2 

t2g 

dxy
 dzx

 dyz
 

Crystal field 
splitting 

SOC 
splitting 

eg 

dx
2

-y
2 d3z

2
-r

2 

Kim, et al. Science 323 1329 (2009). 

U

5d3 Osmates (Magnetic MIT: Slater/Lifshitz - 2009) 
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Sr2IrO4: A Mott insulator(?) 
•  Ir4+ (5d5) 
•  Cubic CEF splitting and large SOC 

•  Signature of Jeff=1/2 Mott SOC from RXS 
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Layout: Probing the interactions in osmates and iridates  
with neutron and resonant x-ray scattering

• Motivation: General interest in 5d oxides and MITs

• Sr2IrO4: Jeff=1/2 Mott iridate 5d5

– Links to cuprates
– Doping with Ru and Sn

• NaOsO3: Magnetically driven MIT
– Following the magnetic interactions through the MIT

Sr2IrO4
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Sr2IrO4: Jeff=1/2 Mott insulator

• Layered perovskite structure (I41/a #88)

• TN=240 K

• Spins follow in-plane IrO6 canting (~11°) due to SOC

• Hc>0.3 T à spins reorder within ab-plane

Fermi arcs
BJ Kim et al., Science (2014)

Spin-orbit exciton quasi particle
JH Kim Nat. Commun. 5, 1-6 (2014)

Electric control of lattice due to SOC
Cao, PRL 120, 017201 (2018)

Kim, Science 323, 6 (2009)
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• Comparing Sr2IrO4 and La2CuO4:
– Analogous magnetic and crystal structure
– Mott insulators
– Spin-1/2 moments
– Spin-excitations described by isotropic 2D Heisenberg

Coldea et al., PRL 2000J. Kim et al., PRL 2012

(1) Are the magnetic interactions 2D?
(2) Probe spin-gap to access role of anisotropy?

• But, SOC varies greatly: λSO[Ir]≈0.5eV and λSO[Cu]≈0.01eV
– Debate on anisotropy and spin-gap size: 0-20 meV

Magnetic excitationsSr2IrO4: Link to cuprates

Phys. Rev. B 92, 020406 (2015)
Phys. Rev. B 96, 075162 (2017)
Phys. Rev. B 93, 024405 (2016)
Phys. Rev. B 89, 180401 (2014)
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Inelastic neutron scattering (INS)
• Powerful insights into magnetic interactions

• Measures 4D (H,K,L,Energy) with sub-meV resolution
– S(Q,ω) exactly defined

• Challenges for iridates:
– Small crystal size

– Neutron absorption

– Small moment (~0.25µB)

à Optimized sample and instrument 
geometry with large detectors

à All of the above

à Coaligned ~100 crystal 
array for total mass 1.1 grams

Sr2IrO4
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INS results for Sr2IrO4: Looking at (H,K,L,E) data at 10 K
(H,K) momentum dependence
à in-plane magnetic interactions

Magnetic 
correlations 
are strongly 2D

No momentum dependence along L
à Negligible magnetic interactions between layers
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INS results for Sr2IrO4: Model dispersion

• RIXS studies have covered full in-plane magnetic 
excitations with ~30 meV resolution.

• Magnetic excitations measured up to 80 meV with 
neutrons.

• Modelled with isotropic 2D Heisenberg model.

• Low energy in-plane spin-gap?

J. Kim et al., PRL 2012

Data Model
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INS results for Sr2IrO4: Low energy neutron measurements
• Instrument resolution of 0.1 meV (CNCS)

1.5 meV

Spin-gap of 0.6(1) meV

Finite, but small on the scale 
of excitations (~200 meV)

- Coupling of spins to lattice distortion potential route of spin-gap
- 2D isotropic Heisenberg model a good approximation in Sr2IrO4 and La2CuO4
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Doping to tune Jeff=1/2 state, magnetic structure and interactions?

Sr2Ir1-xRuxO4

• Sr2IrO4: Magnetic Mott-like insulator.
– Ir4+ (d5) with Jeff=1/2.

• Sr2RuO4: Metallic with unordered local moment.
– Ru4+ (d4) with S=1. 

Previous doping on Ir site

Rh doping creates Ir5+/Ir4+

Try Ru doping

Cava et al., PRB 49, 17 (1994)
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Resonant X-ray and XMCD/XAS:
Sr2Ir1-xRuxO4 (x=0-0.4)

moved (e.g., by the Jahn-Teller effect), the orbital
angular momentum is totally quenched. How-
ever, when the spin-orbit coupling (SOC) becomes
effective, the CF states are mixed with complex
phases, which may partially restore the orbital
angular momentum in the t2g manifold. This ef-
fect is particularly pronounced in TMOs with
heavy 5d elements, where SOC is at least an
order of magnitude larger than those of TMOs
with 3d elements and can sometimes give rise
to unconventional electronic states.

5d TMO Sr2IrO4 is a layered perovskite with
low-spin d5 configuration, in which five electrons
are accommodated in almost triply degenerate t2g
orbitals. Metallic ground states are expected in 5d
TMOs because of their characteristic wide bands
and small Coulomb interactions as compared
with those of 3d TMOs. Sr2IrO4, however, is
known to be a magnetic insulator (3, 4). A recent
study has shown that the strong SOC inherent to
5d TMOs can induce a Mott instability even in
such a weakly correlated electron system (5),
resulting in a localized state very different from
the well-known spin S = 1/2 state for conven-
tionalMott insulators, proposed to be an effective
total angular momentum Jeff = 1/2 state in the
strong SOC limit expressed as

jJeff ¼ 1=2,mJeff ¼ T1=2〉

¼ 1
ffiffiffi

3
p ðjxy,∓s〉∓jyz,Ts〉þ ijzx,Ts〉Þ ð1Þ

where m is the component of Jeff along the
quantization axis and s denotes the spin state.
This state derives from the addition of S = 1/2 to
the effective orbital angular momentum Leff = 1,
which consists of triply degenerate t2g states but
acts like the atomic L = 1 state with a minus sign;
that is, Leff = –L. As a result, Jeff = 1/2 has orbital
moment parallel to spin (6). Note the charac-
teristic equal mixture of xy, yz, and zx orbitals
with complex number i involved in one of the
factors and the mixed up-and-down spin states
(7).

This realization of a Mott insulator with Jeff =
1/2 moment provides a new playground for
correlated electron phenomena, because emergent
physical properties that arise from it can be
drastically different from those of the conven-
tional Mott insulators. A prime example is when
Jeff = 1/2 is realized in a honeycomb lattice
structure where electrons hopping between Jeff =
1/2 states acquire complex phase; it generates a
Berry phase leading to the recent prediction of

quantum spin-Hall effect at room temperature (8),
and it also leads to the low-energy Hamiltonian of
Kitaev model relevant for quantum computing
(9). Experimental establishment of the Jeff = 1/2
state is thus an important step toward these
physics, and the direct probe of complex phase
in the wave function has been awaited. However,
it is usually difficult to retrieve the phase in-

formation experimentally, because it is always the
intensity, the square modulus of the wave func-
tion, that is measured; and thus a reference, with
which the state under measurement can interfere,
is required.

The resonant x-ray scattering (RXS) tech-
nique uses resonance effects at an x-ray absorp-
tion edge to selectively enhance the signal of

1Department of Advanced Materials, University of Tokyo,
Kashiwa 277-8561, Japan. 2Magnetic Materials Laboratory,
RIKEN Advanced Science Institute, Wako 351-0198, Japan.
3RIKEN SPring-8 Center, Sayo 679-5148, Japan. 4Department
of Physical Science, Hiroshima University, Higashi-Hiroshima
739-8526, Japan. 5Department of Physics, Kwansei-Gakuin Uni-
versity, Sanda 669-1337, Japan. 6Institute of Multidisciplinary
Research for Adavanced Materials, Tohoku University, Sendai
980-8577, Japan.

*To whom correspondence should be addressed. E-mail:
bjkim6@gmail.com (B.J.K.); htakagi@k.u-tokyo.ac.jp (H.T.)

Fig. 1. Schematic dia-
gram of the RXS pro-
cess. The electron makes
a trip from the initial to
the final state via multi-
ple paths of interme-
diate states and thereby
scatters a photon with
initial and final polariza-
tion of a and b, respec-
tively. The presence of
multiple scattering paths
can give rise to inter-
ferences among them,
which is reflected in the
intensity of the scattered
photon.
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Fig. 2. Resonant enhancement of the magnetic reflection (1 0 22) at the L edge. (A) Solid lines are
x-ray absorption spectra indicating the presence of Ir L3 (2p3/2) and L2 (2p1/2) edges around 11.22
and 12.83 keV. The dotted red lines represent the intensity of the magnetic (1 0 22) peak (Fig. 3C).
Miller indices are defined with respect to the unit cell in Fig. 3A. (B) Calculation of x-ray scattering
matrix elements expects equal resonant scattering intensities at L3 and L2 for the S = 1/2 model.
For the Jeff = 1/2 model, in contrast, the resonant enhancement occurs only for the L3 edge, and
zero enhancement is expected at the L2 edge.

6 MARCH 2009 VOL 323 SCIENCE www.sciencemag.org1330

REPORTS

Kim, et al. Science 
(2009)

Sr2IrO4

Sr2Ir1-xRuxO4

• Jeff=1/2 for all x.

• Ir4+ (5d5) for all x.
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Sr2Ir1-xRuxO4 Magnetic and MIT phase diagram

• Polarized neutron and resonant x-ray diffraction.

• Evolution from ab-plane to c-axis aligned moments.

M1

ab-plane

M2

c-axis moments

• Magnetism at large x à Percolation
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RIXS: Spin-wave excitations in Sr2Ir0.8Ru0.2O4 at 10 K

• J’’=0meV: 1 in 5 Ir atoms disrupted by Ru substitution 
à interactions beyond J and J’ suppressed.

• Large spin gap of 40meV.

Sr2Ir0.8Ru0.2O4: measured anisotropy distinct from Sr2IrO4.

10 KΔE=35meV
Sr2IrO4 (dotted blue line):

J=60meV, J’=-20meV, J’’=15meV

Sr2Ir0.8Ru0.2O4 (solid line):

J=42meV, J’=-16meV, J’’=0meV
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Non-magnetic Sn substitution on the Ir site: Sr2Ir1−xSnxO4

• Neutron scattering on x=0.05 and 0.2
– magnetic structure altered from x=0
– Distinct from Ru doping
– Same structure as Sr2IrO4 in applied field
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Layout: Probing the interactions in osmates and iridates  
with neutron and resonant x-ray scattering

• Motivation: General interest in 5d oxides and MITs

• Sr2IrO4: Jeff=1/2 Mott iridate 5d5

– Links to cuprates
– Doping with Ru and Sn

• NaOsO3: Magnetically driven MIT
– Following the magnetic interactions through the MIT

NaOsO3
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Mott MIT (1949)  
Coulomb interactions, U, open gap at Fermi 
energy resulting in a MIT. Discontinuous.

FIG.3[3]
In the above figure, p band remain unchanged after including the inter-

act ion U , however, the d band plits into two suband and open up a charge
gap. The corresponding state becomes an insulator.

If the interact ion is very strong U � t then we can expand this theory in
terms of t/U , which behavior like a small parameter.

Moreover, the second-order perturbat ion theory in terms of t/U leads to
the t� J model[3]:

Ht�J = �
X

Pd(tijc
†
i�
cj� + h.c.)Pd + J

X�!
S i ·

�!
S j

here Pd is a project ion operator to exclude the double occupancy of par-
t icles at the same site.

Themetal insulator t ransit ion in Hubbard model hastwo types: thefilling
control t ransit ion(FC-MIT) and the bandwidth control t ransit ion(BC-MIT)

The FC-MIT is varying the electron concentrat ion or the chemical po-
tent ial µ/U . TheBC-MIT is varying hopping energy of electron or the band
width t/U . The following is the phase diagram of metal insulator in the
Hubbard model and the two kinds of phase transit ion:(wewill seebelow that
the scaling behavior of these twe type phase transit ion is di�erent)
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Magnetic MIT (1951)
Proposed in 1951 by Slater: 
Magnetic order alone opens 
an electronic band gap.

Slater: Ordered moments create mean field confining electrons.
Lifshitz: Small U and large hybridization drive renormalization of the 
Fermi surface
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Preformed moments add to model, but do not drive MIT.

– Continuous phase transition.

– TN = TMIT

– Magnetic order introduces 
periodic potential (e.g. G-type 
AFM).
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Sr2IrO4: A Mott insulator(?) 
•  Ir4+ (5d5) 
•  Cubic CEF splitting and large SOC 

•  Signature of Jeff=1/2 Mott SOC from RXS 
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5d3 Osmates (Magnetic MIT: Slater/Lifshitz - 2009) 

5d5 Iridates (SOC driven Mott MIT - 2009)
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Sr2IrO4: A Mott insulator(?) 
•  Ir4+ (5d5) 
•  Cubic CEF splitting and large SOC 

•  Signature of Jeff=1/2 Mott SOC from RXS 
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?

Sr2IrO4

NaOsO3
(2009)



2020

Osmium 5d3 compound: NaOsO3

NaOsO3 (Perovskite)

G-type AFM

TN=410 K= TMIT

Reduced 1.0(1) μB

200 K
HB-2A

1μB

Calder et al., PRL 108, 257209 (2012)
Calder et al., Nature Communications 6 8916 (2015).

• Inelastic neutron scattering showed largest 
phonon shift at spin-phonon transition.

Metal-insulator transition coupled to magnetic order à Slater/Lifshitz/other?

Neutron and 
resonant x-ray 
scattering

Spin-phonon coupling 
at MIT

Spin-gap coupling at 
MIT.
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APS (MERIX, sector-27)

Osmium L3-edge RIXS development at APS and ESRF

• Understand magnetic interactions through MIT 
– NaOsO3 crystals too small for inelastic neutron scattering.

• Developed Os edge at APS and ESRF with instrument teams

• Best resolution ΔE=50 meV
– Comparable to Ir L-edge RIXS

Si(466)

ESRF (ID-20)

Analyzer: A. Said
NaOsO3
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d-d excitations unchanged through MIT

t2g-t2g

t2g
3-t2g

2eg

charge 
transfer

• Features broader than ΔE=300 meV resolution • Fit to L.S model (a)

• JH=0.25(1)eV
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NaOsO3 Magnetic excitations in insulating regime (300 K)

Well-defined spin waves

• Large spin-gap of ~50 meV

• Minimal model Hamiltonian 
within linear-spin wave theory.

– J1=J2=14 meV
– Anisotropic term due to SOC.

• Evidence of some damping.
– Departure from local moment 

model.

Calder et al., PRB: Rapid 95, 020413(R) (2017)

Resolution of 
ΔE=50 meV
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Temperature dependence of magnetic excitations

• Increasing T: Insulating (300 K) à MIT (410 K) à metallic (450 K)
– Purple: Single magnon peak broadens and weakens.
– Green: Concurrently a continuous increase in region 0.1-0.6 eV

• Resistivity in metallic regime consistent with Fermi liquid. Shi et al., PRB 80 161104 (2009)

• Simple picture considering Landau damping of spin waves does not fit data
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Modelling low energy excitations in metallic regime
• Consider the self-consistent renormalization theory appropriate 

for a weakly antiferromagnetic Fermi liquid (WAFL)
– Follow approach for unconventional superconductors  

• Where Γ=a02/γζ2

– with a02 the Os-Os distance [3.8 Å]
– ζ the spin-spin correlation length [ζ/a0~1]
– γ the damping coefficient [0.02 meV-1] (c.f. pnictides)

450 K

• Excitations are consistent with paramagnetic spin 
fluctuations in a weakly AFM Fermi liquid

– characteristic of a system close to itinerant limit

Nature Phys 6 (2010), PRB 89 180503(R) (2014)
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Summary

Sr2IrO4 (5d5)
– Inelastic neutron scattering on single 

crystal iridates is feasible.
– Strongly 2D correlations.
– Near vanishing in-plane spin gap of 

0.6 meV (excitations ~200meV).
– Doping on Ir site (Ru/Sn) induces 

strong change in magnetic exchange 
and anisotropy.

NaOsO3 (5d5)
– 300K: close to Heisenberg local 

moment limit with anisotropy (SOC). 
– T increases: continuous progression 

towards itinerant limit through MIT.
– 450 K: Consistent with weakly 

correlated paramagnetic spin 
fluctuations model (WAFL).

– Local moment to itinerant cross-over 
tuned with temperature in a single 
material. 

• Neutron and resonant x-ray scattering combined offer powerful insights into 5d magnetism. 

PRB:Rapid 92, 220407(R) (2016)
PRB 94, 165128 (2015)
PRB 98, 220402(R) (2018)
PRM 2, 094406 (2018)

PRL 120, 227203 (2018)
PRB 97, 184429 (2018)
PRB 95, 020413(R) (2017)


