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electronic U, magnetic J, bandwidth t, 
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limit is approached 

• Electron-doping in Sr2n+1IrnO3n+1 
• How does MIT manifest? 
• Competing order/new states? 
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New Phases in materials with large U and 
large ƛ

Sr2IrO4, 

R.P. perovskite iridates

A2Ir2O7 

(A=Y, Ln)A2IrO3, 

Na4Ir3O8, … 

Witzak-Krempa et al.,  
Ann. Rev. Cond. Matt. Phys. 5, 57 (2014).
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n=1 Sr2IrO4

• Puzzle of weak 
violations of   I41/acd 

• Dhital et al., PRB 
(2013) 

• Ye et al., PRB (2014) 

• I41/a most likely space 
group (4/m point group) 

• Torchinsky et al., 
PRL (2015)
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R.P. Iridates: Sr2n+1IrnO3n+1 

…

n = 1 n = 2 n = 3 n = ∞

…

U/t decreasing

0.6 eV 0.15 eV ? MetalEG
Okada et al. Nat. Mat. (2012) Dai et al. PRB (2014)
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R.P. Iridates: Sr2n+1IrnO3n+1 

O

Sr

Ir
Moon et al. PRL (2008).
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Dhital et al., PRB (2013)
Magnetism in RP. Iridates

• JNN ~ 60 meV 
JNNN ~ -20 meV
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• mAF = 0.34 µB • mAF = 0.36 µB
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High-Tc in N-type Iridates

n-type iridate 
maps to p-type  

cuprate
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Exotic Metals in N-type RP Iridates



Exotic Metals in N-type RP Iridates
How do these states arise?

(e.g. competing orders, broken 
symmetries)

How do the corresponding
 MITs manifest?

How do the MITs evolve as weak limit 
of SOM state approached?



Electron-doped Sr-214
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Surface K-doping : ARPES

~7% electron-doping

Kim et al., arxiv (2015)

Nodal metal phase opens at 30K



Surface K-doping : STM
Yan et al., arxiv (2015)

~25 meV gap
Gap opens at ~50K



Surface vs. Bulk Doping
Kim et al., Science (2014)

Surface K-doped
 Sr-214

PG at antinode vanishes 
 with temperature

“Fermi arcs”

de la Torre et al., arxiv (2015)

Bulk La-doped Sr-214

Persistent PG at antinode

Structural back folding into 
Fermi pockets



Bulk Electron Doping: (Sr1-xLax)2IrO4

How do structural
and electronic symmetries

change?

Θ

• Easiest way:  A-site La 
substitution 

• M. Ge et al. PRB (2011) 

• MIT near x=0.04 

• ~8% electrons/Ir 

• In-plane Ir-O-Ir bond angle 
increases 

• Canting slightly relaxed



• Immediate drop in 
300K resistivity

Charge Transport in La-doped Sr-214

• Persistent low-T 
upturn in 𝝆(T)

• High-T metallic 
state for x ≥ 0.04
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DC Magnetization

X. Chen et al. (in review)

• Two features in 
irreversibiltiy 

• TAF:  CAF 

• TF:  SG 

• Both suppressed 
with La-doping 

• TAF and TG 
survive at 
highest doping
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Origin of TF

• Frequency 
dependent shift in 
TF cusp 

• Accompanying 
peak in disspation 

• Consistent with   
low-T SG state

X. Chen et al. (in review)



MR in lightly doped Sr-214

X. Chen et al. (in review)

• Transverse MR 
(H,I||ab-plane) 

• Charge couples 
strongly to TG
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MR in lightly doped Sr-214

X. Chen et al. (in review)

• Transverse MR 
(H,I||ab-plane) 

• Charge couples 
strongly to TG
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MR in La-doped Sr-214 cont.
• Transverse MR           

(H,I||ab-plane) 

• For  T<TF : 

• Low-field MR turns 
positive 

• Hysteresis in MR 

• Seen in SG systems with 
coexisting FM  

• NiMn alloys:  Low-
field “unlocks” spins 
from frozen state 

• Also in PS TMOs:      
hole-doped La1-xSrxCoO3



Persistent Nanoscale Phase 
separation

• Near limit of La-substitution (x=0.05) 

• Gapped and metallic regions coexist 

• Mott state not completely destabilized

Transport is 
percolative



Collapse of L.R. AF order

• Long-range AF order collapses near x=0.03 

• Short-range static order remains up to doping limit 

• Likely inside of local insulating clusters
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• Long-range AF order collapses near x=0.03 

• Short-range static order remains up to doping limit 

• Likely inside of local insulating clusters



Takeaway: La-doped Sr-214
• ~6% La doping not enough to 

globally quench Mott state 

• ~12% electrons/Ir 

• Nanoscale phase separation between 
gapped AF clusters and percolating 
metallic network 

• Consistent with recent ARPES 
work Brouet et al., arxiv (2015) 

• Long-range AF order vanishes at 
5-6% electrons/Ir 

• Glass-like spin freezing below TF 
appears with La-doping

A. Hauser, J. Allen (unpublished)



Hole-doped 214 Cuprates vs 214 
Electron-doped Iridates

• Common features: 

• Rapid collapse of LR AF order 

• Electronic phase separation 
under light doping 

• Intermediate SG phase 

• Differences: 

• Mott state more robust to 
doping in n-type Sr-214 

• Persistent SR AF order

Birgeneau et al. JPSJ (2006)
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We need more doping!



Electron-doped Sr-327



Bulk Electron Doping: (Sr1-xLax)3Ir2O7

• 300K lattice expands with La 
substitution 

• Electronic deformation 
dominates steric effects 

• Similar to La-doped SrTiO3

T. Hogan et al. PRL (2015)

A. Janotti et al. APL (2012)

Sr1-‐xLaxTiO3



(Sr1-xLax)3Ir2O7

• MIT near x~0.04

Li et al. PRB (2013)

T. Hogan et al. PRL (2015)

• Consistent 
with Li et al.

• La limit near 
x~0.06

• Equivalent xCa 
only slightly 
affects SOM



DC Magnetization

• Irreversibilty 
vanishes beyond MIT

T. Hogan et al. PRL (2015)

b

c

Dhital et al., PRB (2013) (2013)



Neutron Diffraction Data

• TAF slightly suppressed, AF moment collapses
• Scattering weight increases for TS

• TS:  Structural distortion at (odd, 0, odd)
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STM Data
x=0.035 “insulator” x=0.048 “metal”

T. Hogan et al. PRL (2015)
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STM Data
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T. Hogan et al. PRL (2015)



La-doped Sr-327 Phase Diagram

• AF order gone 
at MIT

T. Hogan et al. PRL (2015)

• Suggestive of 
competing 
instability TS

• Global 
metallic state

• 1st order MIT

• What type of 
metal is realized?



Correlated metal
 beyond MIT: 

• CW metal:
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γ across MIT

γ ~ 𝝆(εF)

2-phase 
 region

γ ~ m*
PM-M 
 region

T. Hogan et al. unpublished



La-doped Sr-327: ARPES

J. He et al. Nat. Sci. Rep. (2014)

de la Torre et al. PRL (2015)



Negative Compressibility 
• 𝛿µ/𝛿n < 0 

• µ tracked relative to 
O 2p 

• Local density 
fluctuations drive 
electronic phase 
separation 

• Likely related to 
deformation potential 
that swells lattice

J. He et al. Nat. Mat. (2015)



Comparison: La-doped Sr-214 & Sr-327

C. Yee et al. PRX (2014)

Sr-214

Sr-327

• Phase separation (PS) under 
light electron doping

• Long-range AF Order 
collapses at 5-6% electrons/Ir

Short-range order  
survives in Sr-214

• Persistent PS in Sr-214 up to 
limit of La in matrix 

1st order Mott MITs

• Consistent with 
thermodynamic arguments in 
model by Yee and Balents



Summary
• Explored the MIT in La-doped Sr-214 

• PS + SR AF order persists to highest 
doping levels currently possible 

• Transport remains percolative 

• Low temperature spin glass state 
appears on light electron substitution

• Explored the MIT in La-doped Sr-327 

• Global MIT into correlated metal 

• TS suggestive of competing instability 

• 1st order collapse of SOM state


