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Introduction and Motivation

Iron Based Superconductors, Cuprates etc\ElfCtron Lype UleV) A(eV) Interactions
3d 3-7 0.01-0.1 U>CF>2

Sr,RhO, [d?], Sr,RuO,4[d?], etc.
o 053 0103 U~CF>2
Sr,lrO4[d>], Ba,YIrOg[d?] etc. - 5d 0.4-2 0.1-1 U~CF~ )

Spin-orbit coupling= A(L.S) ; grows as Z? for outer shell electrons.

Gang Cao, Pedro Schlotman, 2018 Rep. Prog. Phys.



Introduction and Motivation

Iron Based Superconductors, Cuprates et Electron Type UleV) A(eV) Interactions
oL [ - 3d 3-7 0.01-0.1 U>CF> A

Sr,RhO, , Sr,RuQ,4[d?], etc.
o 053 0103  U~CF>2
Sr,lrO4[d>], Ba,YIrOg[d?] etc. - 5d 0.4-2 0.1-1 U~CF~ )
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Introduction and Motivation

Case: d* [Relevant for materials like Sr,YIrO, , Ba,YIrOg ]

jeff = 1/2,m = i1/2

Jerr = 3/2,m=+1/2

Jerr = 1/2,m = +1/2

jeff = 3/2,m = i1/2

E(k)

Turnon the hopping

v

Turn on the hopping+ Correlation [U]

»
»

Band Insulator

Very limited information ?



Introduction and Motivation

Case: d* [Relevant for materials like Sr,YIrO, , Ba,YIrOg ]

jeff = 1/2,m = i1/2

Jerr = 3/2,m = +1/2

Jerr = 1/2,m = +1/2

jeff = 3/2,m = i1/2

Band Insulator

Jerr = 1/2
E (k)

v

Turnon the hopping

v

AFM predicted by theory in strong

v

_ . coupling.
Turnon the hopping+ Correlation
urnon the hopping+ Correlation [U] Experiments on Sr,YIrOg, Ba,YIrOg

have also show AFM at Ty~2K .

1.*G. Khaliullin, Phys. Rev. Lett. 111, 197201 (2013) 3. G.Caoetal., Phys. Rev. Lett. 112, 056402 (2014)
2.*C. Svoboda etal., Phys. Rev. B 95, 014409 (2017) 4. Q. Chen et al., Phys. Rev. B 96, 144423 (2017)



Focus of the work:

Creating a “A vs U” phase diagram for n=4 case. We aim to understand the phases
emerging from SOC and U competition.

Why is this important?

Because ours is the first numerically exact study of SOC+U effects. Previous work
relied on static and dynamical mean field theory*.

Numerical Technique used:

Density Matrix Renormalization Group techniqueis used to solve one-dimensional
multi(3)-orbital Hubbard model in presence of spin-orbit coupling.

*T. Sato et al., Phys. Rev. B91, 125122 (2015)
T. Sato et al., arXiv:1603.01800



MOde' Increasing A, for Non-interacting case
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Increasing A, for Non-interacting case

Model

v

Hy = - Z t’77'<cga'yci+lo'y’ +he.)+ Z Ayioy

I [ I
N1/2,4£1/2mmmm

N3/2,4+1/2mmm | [

T T03/2,43/ 2mm—

C).)‘/W = 1.0

k/m

Band-insulator

ia’yfy/ lG’Y 7 /\h_; -
_ 8 f i I N
v,8,0,0" ! | | |
9L 1L i
/ a) A/W =0 b) A/W =0.2
Where, A7°, =< ~|L|6 > . < o|S|o’ > VW0 JONMT =02 ]
g,0 _— -1 -05 0 05 1-1-05 0 05 1-1-0.5 0 05 1
k/m k/m
Metal >
iy i<y’
~ 275 Y Suy - Si + Ju Y. (P;;PW +h.c.)
iy<vy’ iy<vy’



Phase Diagram [U vs A] for n=4
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Calculations are performed for L=16 [upto L=32] sites.

Ju 1

u 4

N. Kaushal et al., Phys. Rev. B96, 155111 (2017).
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Phase Diagram [U vs 4] for n=4 Block Phase T Hln u
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Phase Diagram [U vs A] for n=4
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Antiferromagnetism + Excitons
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Phase Diagram [U vs A] for n=4
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Antiferromagnetism + Excitons

Present for U/W > 0.2

Intermediate couplingis sufficient for
Excitoniccondensate.

“4d, 5d materials have small U~W"”

S, YIr0, (d*)

~1.0,

~0.23,W,, ~ 2eV

S. Bhowal et al., Phys. Rev. B 92, 121113(R)



Conclusion and importance of this work:
* First DMRG study on multiorbital Hubbard model with spin-orbit coupling.

e Full “U vs A” phase diagram presented. We found excitonic magnetism in
intermediate coupling region, within the physical region for 5d materials.

Future Directions:

* Although doping 4d/5d materials is difficult experimentally, in numerical
studies we can predict phases that may emerge from doping with both U
and SOC.
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EXTRA SLIDES:



CF + hoppingin (j.s, M) basis:
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TO haVe [HK ) Jzeff] — O Jzeff = Z(m)ni,j,m.

ijm

1 t,,, =0Vy# y', i.e., no interorbital hopping;

(11) tyo = t11, namely the hopping amplitudes of the d,., and
d,, orbitals must be equal;

(1) Agp = A, namely the crystal-field splittings for the
dy, and d,, orbitals must be equal.



Current Work
Effect of different filling (n)?



Phase Diagram [n vs A] for U/W=1.0

Model:
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Incommensurate Spin density wave coming from nesting in bands.

N. Kaushal et al. Unpublished (Under Progress)
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Phase Diagram [n vs A] for U/W=1.0

Model:
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Incommensurate Spin density wave coming from nesting in bands.

N. Kaushal et al. Unpublished (Under Progress)



A F--T- T
JPOR ha
n3/2,43/2 -4 -
ng/2,+1/2 ~* - 4
ni/2,41/2 -~ ®-

%

(Mjm)
o
o

®
oo

'-—"-—-
1 | | P T Tl . J

T I I T I T T

(b) U/W = 1.0

MLHIAEEVT AR
R I
Z

o
(an}
(@n}
L 4
[ 2
[ ]
"
I
»
-
- -
[N

DMRG results obtained at U/ W = 1 (intermediate cou-
pling) and using a L = 16 system. (a) shows occupation number in the
(j%,m) bands while (b) shows the excitonic parameter A,, defined
in Eq. (8) varying A/ W. (c) shows the three local moment strengths
as well as (S.L).

(Mjm,)

Moments

1.0 ----1_‘| _Al_Al_k_lAurAAA—A-AL-A_AJA_AI__‘l___I__I_I__&
- Ceee
IZIt:z:::@--9. PUPPOTS L

0.5 T nga,+3/ ':'.~‘~=;:;o~o |
ngjo,+1/2 * ®--0-000
- ) .
ni/2,41/2 ~®- (a)

0.0 —r : —

021 oor EXI NMI 1

.,.-.
* v

0.1 F(b) U/W =10.0 4 » |
I o !

e e T

4.0 ((J°F)2) -m- “e-(S?) -
IR 2\ A -®- .

.N\.\l <L >’ ® <S L>
20#--------2--2-2Un .:;on SIS & I LR <
(c) oo ..:I~_
- —=== o-®° .‘I-'.__.__
0.0 & L 1 | S e e |
0.04 0.1 0.2 0.4 0.8
AW

Am= 75 Y (DA G AT ).

li—i'|>0



Excitons at Metal —Insulator transition
[In Intermediate coupling limit]:

Semiconductor

Semi-metal
! Binding energy of exciton
Ep = .’*‘/Tne‘g2
A
/ 1 Ee, i
k k

Small no of carriers
—> Unscreened coloumb Energy to create Exciton=E; — Ejp
replusion
> electron-hole pairs If E; < Eg = Spontaneous formation of Excitons

B. Halperin and T. M. Rice, REVIEWS OF MODERN PHYSICS, VOLUME 40, No. 4, 1968



Excitons as Singlet-Triplet Excitations
[In Strong coupling limit]:

Jesr =1/2,m=%1/2 o— Jerr =1/2,m=%1/2 Jesr =1/2,m = £1/2
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Giniyat Khaliullin, PRL 111, 197201 (2013)
Christopher Svoboda et al., PHYSICAL REVIEW B 95, 014409 (2017)



L% s inty, and ey sectors:

In tzg:

In unquenched 3, orbitals, L becomes following,
0 20 0 01 0 0 -1
L,=|-i00{,L,=10 0 4|,L_=1{0 0 i and 2 =
0 00 -1 -2 0 1 —i 0

in the basis |yz), |zz), and |zy) (same sequence is followed while writing above matrices), where

lyz) = \f(ll)+| 1), |zz) = f( 1) +1=1),lzy) = \/—(I 2) +12))
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SOC term:

: . : 0
The transformation between the 7, orbitals and the j°f Hgo = A Z AZ,U/ 02005,0’
basis is given by (dropping site i index) v,8,0,0"
s 1L g7 Where, A7°, =< ~|L|§ > . < o|S|o’ >
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where s is 1(—1) when o 1s 1 (}) and 6 = —o. The Hgoc
term in the j° basis becomes
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Introduction and Motivation

Case: d°

P Jerr = 1/2,m=11/2

~31/2

jeff = 3/2,m = i1/2

=%, =3/2,m=+32

Half-filled;
In presence of e-e correlations and hopping,

a Mott insulator is stabilized [opens a gap in
]eff — 1/2 band]

~ DJ4=1/2 UHB

D). ~1/2LHB

J.#=3/2 band

Explain why materials like Sr,IrO,[d>" Ba,IrO,[d°] shows Mott insulating

behavior.

*B J Kim et al., Phys. Rev. Lett. 101, 076402 (2008)



Site - i Site - i+1

A ]eff:1/2;m2i1/2

' l ‘ +jeff=3/2,m:i1/2

_1_‘_ +jeff:3/2;m:i3/2

If A (K.E + Int Energy) + E; < 0

Cost ~ E;

K.E<O
or

A(Int.Energy) <0
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