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Why Sr,,4Ir Oz (N=1, 2, and

3d(TMOs 5d(TMOs
( ) ( ) Sr,lrO,
d orbital Localized Spatially A+ 5
extended Ir (Sd )
Band width W Small Large ' _. - r

—_—

Hubbard U Large Small = ””\X\;} y
(5~7 eV) (1~3eV) P -
é: x
s
Conventional Hubbard model : L ofor
U/W >> 1 Insulator Binding energy (eV)
U/W <=1 Metal EDCs (ARPES)

B. J. Kim et al, PRL 101, 076402 (2008)



Why Sr,,4Ir Oz (N=1, 2, and

3d(TMOs 5d(TMOs
( ) ( ) Sr,lrO,
d orbital Localized Spatially A+ 5
extended Ir (Sd )
Band width W Small Large - r
Hubbard U Large Small = /J/\X\;;; .
(5~7 eV) (1~3 eV) s S~
SOC strength Weak Strong g x
(~0.01-0.1 eV) (~0.1-1 eV) E \
1 1 1 1 r
Conventional Hubbard model :  Bindinig Snergy (5V)
U/W >>1 Insulator EDCs (ARPES)

U/W <=1 Metal B. J. Kim et a/, PRL 101, 076402 (2008)



Why Sr,,4Ir Oz (N=1, 2, and
U A novel spin-orbital J_=1/2 Mott state in Sr,IrO,

----- .. J=5/2

Iré* (5d8) ./ A e o Ir4+ (5d5)
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o . t g =112 7 J=3/2 ot
B 29 - // o020 2
oo 2l0e ::hsoIJeﬁ =32
(Ieff = -1 ) T~ 09 0p . Picture from Y.-J. Kim

I l B. J. Kim et al, PRL 101, 076402 (2008)

spin up, |,=0 spin down, |,=1
G. Jackeli et al, PRL 102, 017205 (2009)
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Why Sr,,4Ir Oz (N=1, 2, and

U Possible superconductivity?

U Similar crystal structure (0 Similar electronic configuration

Sr,lr0, La,Cu0,
e o La,CuO, [Cu?*(3d?), S=1/2]
9 9
{:I Sr,IrQ, [Ir**(5d°), J.4=1/2]
o 9
e o
14,/acd 14/mmm
U Theoretically possible . E;(perlmcelntatlly not
by electron doping Observed ye
Science 345,187(2014
PRL 106136402 (2011) PRLL15. 176402 (2015
PRL110,027002 (2013) |

Nat Physl12,37(2016)



Why StoaliOznia (N =1, 2, and

U Possible superconductivity?

U Fermi arcs U Pseudogap
(electron doped Sr,IrO,) (La doped Sr,IrO,)
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. . Y. K. Kim et al,, Nat. Phys. 12, 37(2016
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Why Srn+1|rnC)3n+1( n=1,

U Insulator-to-metal transition (IMT)

U IMT is observed in La doped Sr,IrO,

(@) insulator (b) insulator (c)

A. de laTorreet al., PRI115,176402(201%

metal




Why Sr...IrrO;, .. (nN=1, 2, and

U Insulator-to-metal transition (IMT)

U IMT is observed in Rh doped Sr,IrQ,

x=0% x=15%

400meV

200meV

Y. Cao, et. al, arXiv:1406.4978 (2014)



Why StoaliOznia (N =1, 2, and

U Unusual magnetic properties

(n=1) i In-plane canted anti-ferromagnetic
b ordering with a small net ferromagnetic
moment.

0.10 == Sr;lr,0- 3
E 005} Sr.lrO, —
f 0.00 g-u-uus-oea-=-a-u-0-0=

;
@j =.005 | (d) _
o

H//a
-0.10 |- | I N T I

40 -20 00 20 40
= H (T)
S. Fujiyama et al., PRB 86, 174414 (2012)
B. J. Kim et al. Science 323, 1329 (2009).

z=1/8

10



2 and

Why StalrOgney ( 1 = 1,

U Unusual magnetic properties

3 '
X104 — g Sr.Ir,0,

5 =
0 (©) =
,.E 4B H//a _
:0-10 —m- Sr3lr,04 ~
~ 0.05 | I —
= 0.05 SrolrO4
0.00 fg-u-u=e- -
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-0.10 |~ 1 | L ] ] | L
40 -20 00 20 40
H (T)

S. Fujiyama er al., PRB 86, 174414 (2012)
U Out-of-plane collinear anti-ferromagnetic order, with negligible in-plane moment
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Why SfoaliOzpa (N =1, 2, and

U Unusual magnetic properties

(@) [(SrIrO3),,,, SrTiO4)],/SrTiO4(001) (@) m=1[srlr0,, SITi0,]  (b) m=2[2 x Srlr0,, SITIO]
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Why Sr...IrrO;, .. (nN=1, 2, and

U Unusual magnetic properties

BIP 0P A NM

&, U (SrirO,),/SrTiO,

-4 -2 0 2 4
strain (%)

B.Kim,P.Liy et al, PRBA5, 115111 (2017) 13



Why Sr,,4Ir Oz (N=1, 2, and

U Unusual magnetic properties
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-n+1lrn03n+1( n=1, 2, and

U0 Dimensionality-controlled insulator-metal transition
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Why Sr...IrrO;, .. (nN=1, 2, and
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SrirO; (n= )

14,/acd (142) c/ =1.04 Ccce (68) Pnma (62)
Rot t1 +distorti St d rotation+distorti Rotation+tilt+distortion
el AgQerea TOIANoN™AISIOrON  Three-dimensional (3D)
One-layer quasi-2D Bilayer quasi-2D
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Effects of U and SOC

Metal-insulator transition phase diagram

(a) Sr,lrO, (b) Sr.,lr,0O,
14 & O @ O @ 1
G 12 °
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O 02 ° o NM-M' o ':0'2
0 @ ® 0
0 0.5 1 1.5 2 25 0 05 1 15 2 25 30 0 05 1 15 2 25 30 (eV)
Hubbard U (eV) Hubbard U (eV) Hubbard U (eV)
AFM-I - anti-ferromagnetic insulator ~AFM-M - anti-ferromagnetic metal
M-M - magnetic metal M-I - magnetic insulator NM-M - non-magnetic metal

U The stronger the SOC, the smaller is the critical interaction U required for a metal-
insulator transition.
U Critical U, to a metal-insulator transition : Sr,IrO, < Sr;Ir,0, < SrirO,
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Band structure evolution

Sr,IrO, Sr,lr,0, SrirO, DOS
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Calculating U based on cRPA

Aryasetiawan et al.,, PRB70, 195104 (2004)
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Calculating U based on cRPA

Band Energy (eV)

U All the screening channels within %, subspace are removed
U U is calculated in the &, Wannier basis

, (.a) Sr,IrO 4 - . Sr3Ir20
| [ —— DFT N— LT~
0 |

-1

-2

-3

-4

I TV BT

Sr,Ir0, 1.82 0.22
Sr,Ir,0, 1.67 0.22
Srlro, 1.37 0.22

P. Liu et al., PRM 2, 075003 (2018) 22



Band structure

DFT+U4+SOC GW+SOC
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DFT+ U, gap 0.23 0.14 metal
GW gap 0.25 0.16 metal

Expt. gap 0.30 [34] 0.13[10] metal [80,103] P. Liu et al., PRM 2, 075003 (2018) 23



_ electronic structure in Sr,IrO,

U Undoped Sr,IrO,

(] 1 T R H 1 H H 1
U Supercell model (a) Primitive cell (b) Supercell
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Doping effects on the electronic structure in Sr,IrO,

U La doping Ak,E) =) Pg, ()S(E, — E)
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Insulator to metal transition is found by La doping

As La doping concentration increases, the upper Hubbard bands

gradually shift down, leaving a electronic pocket first at (“j ¢ i j ¢)

and enhanced spectral function at X P. Liu et al., PRB 94, 195145 (2016) 25




Doping effects on the electronic structure in Sr,IrO,
U Rh doping

(b)E,=100 meV

-1 -0.5 0 0.5 1

E-Er (eV)

Insulator to metal transition is found by Rh doping
As Rh doping concentration increases, the lower Hubbard bands
gradually shift up, leaving a hole pocket first at X and then at G

P. Liu et al,, PRB 94, 195145 (2016)
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Doping effects on the electronic structure in SrirO,

U Rh doping
E # 300
“u“ o ® Magnetization (Qi et al)
=200
(-1 | g
E ha ﬁ = ’"“',‘.ﬁ* = =
T ’ " 0.09uB
n n T 0 0.05 0.1 0.15 . WE
nun = ‘ ‘ J ’ Rh Concentration, x
LEAF 1 AE-II ‘ ‘ s J. PClancy et al, PRB 8354409 (2014

P. Liu ef al, PRB 94, 195145 (2016)

U Higher Rh doping leads to the magnetic phase transitions from AFM-I to AFM-II
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Doping effects on the electronic structure in Sr,IrO,

U Rh doping
Electron charge density difference X-ray absorption near edge
o x=6250p @ = [NYIER 4.0, Structure measurements
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P. Liu et al., PRB 94, 195145 (2016)

_ _ S. Chikara et al., PRB 95, 060407(R) (2017)
U The effect of Rh doping is local,

with negligible effect on the 2NN Ir.

U Hole transfer from Rh to NN Ir,
leading to Rh>**
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- the canted magnetism in Sr.IrO,
7{=ZJ§5-§j+zJZS§S§+25-[S_’,,;><§j] 1)

<] <] i<J

AE = 16JS? cos(26) + 8K cos(46) + 16D.S? sin(26) (2)

Constraining magnetic moments approach
E=Eo+ Y AM - M -MypP  ©
i

E is the usual DFT energy without any constraint

M? 1s a unit vector along the desired direction of the mag-
netic moment at site i

M; is the integrated magnetic moment inside the Wigner-
Seitz cell around atom i

A controls the penalty energy contribution which becomes

vanishingly small by increasing A

P. Liu et al., PRB.92.054428 (2015)



Origin of the canted magnetism in Sr,IrO,

AE = 16JS7 cos(26) + 8K cos(46) + 16D,S ? sin(26)

Energy AE (meV/1.u.)

o T

--------
-——
-
—————
-
-
-
-
-
-
-
-

l L
10 20
Spin canted angle 6, (deg.)

P. Liu et al., PRB.92.054428 (2015)

JS? K D.S?
This work -0.32 -0.10 0.25
Literature -(0.33~0.56)2 — 0.38P

a J. Kim, PRL (2012). B. H. Kim, PRL (2012).
Katukuri, PRB (2012). G. Jackeli, PRL (2009).
b B. H. Kim, PRL (2012).

V. M.
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Origin of the unusual magnetism in Sr,IrO,

Effects of tetragonal distortion and octahedral rotation

30 i I I I I PAE | e
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0 I | | I | | I | 0 1 | |
0.96 0.98 1 1.02 1.04 1.06 1.08 1.10 1.12 1.14 012 3 4
c/a ratio of IrO; octahedra Rotation angl
U As c/aincreases to a threshold, spin-flop transition occurs
U As_  decreases to a critical value, canted FM moment disappears

P. Liu et al., PRB.92.054428 (2015)
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Origin of the unusual magnetism in Sr,IrO,

Ab initio magnetic phase diagram in the ¢/a- space
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P. Liu et al, PRB.92.054428 (2015)



-e unusual magnetism in Sr,IrO,

0.3 T
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J. W. Kim et al.,, PRL 109, 037204 (2012)



Possible reason for c-collinear AFM in SrIr,0,

| f | | | ! |
4.1 42 43 4.4
The distance d (A) between bilayers

U The c-collinear AFM phase is favorable asthei nt e r distanae K4.35 A.

U As the distance increases further, the ab-canted AFM becomes energetically
stable phase.
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-ible reason for c-collinear AFM in Sr;ir,O-

(d) |
20 t
% —40 F
g
~ 60 F
_80 L

strain (%)

U Without epitaxial strain, J, > J,, leading to out-of-plane magnetic order.

U Tensile strain favors out-of-plane magnetic order, whereas compressive strain
induces spin-flip transition from out-of-plane spin to in-plane spin.

B. Kim, P. Liu and C. Franchini, 95, 024406 (2017)
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operties GW+BSE

x (W) = P;(;P(m) - K

oD E TG
IH;(

ZGW
] FIG. 3. Feynman diagrams representing the Bethe-Salpeter
£V equation for y.

A I

K Pigr

Bethe-Salpeter Equation

G. Onida et al.,, Rev. Mod. Phys. 74, 601 (2002) 38



Optical properties GW-+BSE

u Full BSE
x (W) = Pigp(w) — K

A B X,l 1 0 X/I
=Q,
B A Y;{ 0 -1 YA
A B\ _ (K™ + (g, - )50, K
(B A ) B ( K™ K™ + (8, — €80 )

U Tamm-Dancoff approximation (TDA)

) )-odo 5)0)
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Optical properties GW-+BSE

U Tamm-Dancoff approximation (TDA)

A Frequency-dependent macroscopic dielectric function

(w) =1—1lm V( )E ( : : )
Elw) =1 — 111m T ;
q—0 1 - w—QA+1n w4+ Qx — 19

X {Zwk Z(%Heiq'rhﬁuk)Xﬁ)k} x {c.c.}, (4)
k

v,c

A Oscillator strength of optical transition

SA — TI'|:{ Z Wk Z(WCk|€iq.r|ka>X(ﬁ;k} X {CC}:| (S)
k v,C

P. Liu ef al, PRM 2, 075003 (2018)
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Optical properties  GW+BSE
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Optical properties GW-+BSE
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