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Study of electron dynamics

Choice of 3+1 dimensions

real space (r)

|

time (t)

reciprocal space (q)

|

frequency (w)

Conventional inelastic scattering

/\

/

S(Q,w) ~ [V(Q)]2[1-ePo] 1 Imx(Q, w)

S(Q,w) : factor
V(Q) :interaction of probe
X(Q,w) :response function (susceptibility)

At present, resonant enhancement is necessary
for electronic excitations — RIXS



hard x-ray (Cu K-edge)

Progress of energy resolution
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Ament et al.,
RMP 83, 705 (2011)



Biggest breakthrough — Spin excitations in

Single magnon in La2CuO4
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C
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A: elastic
D: optical phonon
B: single magnon «

L.Braicovich et al., PRL 104, 077002 (2010).



Electronic excitations observed by RIXS

Elementary excitations in transition metal oxides

A Charge Transfer
Phonons (\/
ﬁ (Bi-) d-d
Magnons ntraband
~ charge
excitation Ament et al., Rev. Mod. Phys. 83, 705 (2011)

: /, >
| I/ [

50 meV 500 meV 15eV 26V Energy —

energy scale sensitive to
in cuprates J t 10Dg A U charge, spin, and orbital

RIXS spectra of Lazx(Ba,Sr)xCuO4

K-edge
c 3.0
v \ intraband (1t. 0)
—_ o CT excitation
= 2.0 <07 (charge)
c
; 1.5
e .08
0.5 e 0.15
e (.30

-1 0 1 2 3 4 5
Energy loss (eV)

0

b

Dean et al., Nat. Mater. 12, 1019 (2013)

0 2 4 §) o
Energy loss (eV)

Wakimoto et al., Phys. Rev. B 87, 104511 (2013)



Recent topics (presented in this talk)

1. Layered high-T. cuprates

spin excitations + charge excitations
HEMFE: BEHE2E, £L KET, M. Minola, G. Dellea, C. Mazzoli,

K. Kummer, G. Ghiringhelli, L. Braicovich, =IL&C,
\LIHANTS, S HMFE, BRI, BKER, KKHE—BB
EERRRR, BE, [REZEAX, J. Pelliciari, Y. Huang, T. Schmitt

2. Layered iridates
(pseudo-)spin excitations coupled to charge
HEAZTE: |. Jarrige, THMEF, KA —ER, MRS, INERE,

=ILA1EA, mARTTEE

3. Layered iridate
exciton in spin-orbit entangled states (d-d excitation)

4. 1-dimensional cuprate
spin-orbital separation (d-d excitation)
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Characteristics of copper oxides

 high-Tc superconductivity Temperature (K)
large energy scale (Tc ~ 100 K, J ~ 100 meV) A
— EXxcitations are detectable Nd., Ce, CuO, Lay., Sr, CuO,
with inelastic x-ray scattering 300 +

e simple electronic structure

CuO- square lattice 2007
only a Cu 3dx2-y2 (+ O 2px, 2py) are relevant
: AF: antiferromagnet
— exact treatment of many-body effect in theory 100+  SC: superconductor
AF
 both electron and hole can be doped SC | SC
well-understood undoped limit < 0.2 0.1 0 0.1 0.2 0_3’
—— electron doping (x) hole doping (x)

A suitable system for the study of spin and charge excitations
In correlated electron systems



Spin and charge excitations in cuprates

A interaction, excitation
' dynamical correlation in t-J model
charge-transfer gap A, (U) y
r ™) -
1L charge N(Q,w) spin S(Q,w)
— — T v - v 2————— L T v
p— o2t (a) Q=(2,7/2) 1 L (B) Q=(2,7/2)
% transfer integral t 0.0 J\MMMM — ol —
> . [ 1 =t
> S o2l ~ (oi2) _(?25) ] é ! (:n/z;
o i exchange J o I 1 P (2/2.7)
I.I:J 0.1 ; \_ Yy , : 0 e %0)
i : (7,
_ phonon 2b " ‘7& ______ -
I 0.0 F—=2 . 1) SPAN N N S——
! 02F — (7/2,0) i (7/2,0) 1
- superconducting gap Agc E . ©x2) ] S = Oa2)
i O'Oo 2 4 6 8 00 ’ 4 6 8
Energy Energy o
- : t=1 =0.4
0.01 charge spin J=0

T. Tohyama et al., Phys. Rev. Lett. 74, 980 (1995)

Electronic excitations at sub-eV
important for comprehensive understanding of electron dynamics in copper oxides
charge dynamics (~ t), spin dynamics (~ J)

e evolution of spin dynamics upon carrier doping
» charge dynamics of doped carrier



Spin excitations (Cu Lz-edge RIXS)

h-dope| | 4,.8nCuO (film) e-dope|  Nd,.,Ce,CuO,
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Dean et al., Nat. Mater. 12, 1019 (2013) Ishii et al., Nat. Commun. 5, 3714 (2014)



Recent theory

¢cC o(/m—————— S(q,w) in Hubbard model
_ | Hubbard q=(2n/3,0) b o |
A\
) . ¢ N=1.
g/ . - n=1.00 + n=1.00
2 | t-J n=111 | < n=0.95
2} i n=122 1 J= n=0.85
3 | é: . m n=0.60
i 2 b
\5',' [ t-J with 3-site terms "
7)) T ’
0 1 A A ‘M—‘ O O - . . . . .
0.0 0.8 1.6 :
Energy (t) (7/2,7/2) (0,0) (n/2,0) (7,0)
q
3-site terms
t
7N\
-0~ N N
/U
o X O To explain high-energy shift upon electron doping,
7 3-site term is needed in the t-J model.
- X S

Jia et al., Nat. Commun. 5, 3314 (2014)



high-w
(RIXS)

low-w
(INS)

Summary of spin excitations in cuprates

A hole-dope A parent (undope) A electron-dope
> > >
> > >
c c c :
T L . L SpIn
spin
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= >» >» = >
zone zone zone zone zone zone
center boundary center boundary center boundary
Momentum Momentum Momentum
Magnetic excitation Pty triaiali
A A A
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\- , AL A Momentum
Al Al Al transter
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Charge excitations in e-doped NCCO (Cu K-edge RIXS)

| ! | "hml
Ei =8991 eV
)
=
= g=(m,0)
_e =
S,
=
7))
c
O
I= g=(m/2,0)
o
' B
] =
q=(00) 4/ ©@
““.“z'é' L |
-2 -1 0
Energy Loss [eV]

Dispersive charged excitations appear
when electrons are doped.

Excitations at finiteq
~  intensity proportional to x |
— intraband charge excitation {

 Excitation at q = (0,0)
L~ doping independent |
— interband charge excitation }

across the Mott gap |

Nd1.85Ce0.15CuO4

Energy (eV)
N‘ - - W

e

K. Ishii et al.,PRL 94, 207003 (2005)

Momentum Transfer q



Charge excitations in h-doped LSCO (Cu K-edge RIXS)

Las-xSrkCuOs (x=0.3) E; =9003 eV

1

(sdo) Aypsuaju]

Energy loss (eV)

o

(T, ) (0, 0) (w, 0)
Monmentum transfer

circle: LSCO x=0.30 (hole dope)
square: NCCO x=0.15 (electron dope)

Momentum dependence is similar to electron-doped NCCO.

S. Wakimoto & Kl et al., PRB 87, 104511 (2013)



Dynamical charge structure factor N(q,w) in a theory

20 site t-t’-t’-J cluster

(a) hole doplng I (b) electron ldoplng _
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Above 1 eV,

N(g,w) of h-dope and e-dope are similar.

Tohyama, J. Electron Spectrosc. Relat. Phenom.,
to be pubished



Charge excitations of e-doped NCCO (Cu L3-edge RIXS)

Nd,_,Ce,CuO,

q||=(0.18,0)

Intensity [arb. units]
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Charge excitations in e-doped NCCO

NCCO (Cu L3-edge)
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Doping dependence

low q low g high g
Ls-edge K-edge K-edge
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Dispersion of charge excitations
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Cu Ls-edge RIXS

h-dope| | 4,.8nCuO (film) e-dope|  Nd,.,Ce,CuO,
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Dean et al., Nat. Mater. 12, 1019 (2013) Ishii et al., Nat. Commun. 5, 3714 (2014)



Summary of charge excitations in cuprates

hole-dope parent (undope) electron-dope
charge charge
> > >
o o o
Q Q Q
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zone zone zone zone zone zone
center boundary center boundary center boundary
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charge excitations

i Now we have a tool to |
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INTENSITY (ARB.UNITS)

EELS studies of hole-doped cuprates
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Recent topics (presented In this talk)

1. Layered high-T. cuprates
spin excitations + charge excitations

2. Layered iridates
(pseudo-)spin excitations coupled to charge

3. Layered iridate
exciton in spin-orbit entangled states (d-d excitation)

4. 1-dimensional cuprate
spin-orbital separation (d-d excitation)



Magnetic excitations in Sr2lrO4

BL11XU at SPring-8 30ID at APS J. Kim PRL 108, 177003 (2012)
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Energy Loss [eV]

Energy Loss [eV]

Temperature dependence
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1 F

0.8
0.6 "

I I H

T =0.091n

0.4
0.2 k-
O I
(7t,7) 7T, 7)
Momentum
SrylrO4 E=11214eV T=400K
1 T T i

(0,0) (7t,0) (7t,7T)

Momentum

Sr,Ir0, E=11214eV Q=(0.5,0.5,32.5)

1 .6 | | | | |
| — T=20K _

1.4 I g=(z,0) T=200K

10 T=250K

T=400K

Intensity [arb. units]
Intensity [arb. units]

Energy Loss [eV]

| Magnon-like dispersive mode survives |
| above Tn = 228.5 K.

Intensity [arb. units]

; = strong 2D character of magnetism



Comparison with charge dynamics

RIXS Sr,Ir0, E;=11214eV Q=(0.5,0.5,32.5)
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dd excitations in SralrO4

BL11XU at SPring-8 30ID at APS J. Kim PRL 108, 177003 (2012)
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Excitonic quasiparticle in Sr2lrO4

Spin-orbital level scheme
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Spin-orbital separation in 1D cuprate Sr2CuQOs

spin-orbital separation
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