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La, :Sr; sMNO,
(Murakami et al.)

Mn'r’/+ Mn#+

Orbital order & Polarization dependence

Azimuthal angle dependence
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Orbital wave (orbiton) in orbital order

Coherent d—d excitation
A (level gap) << J (inter—site)
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Orbital order with
Jahn—Teller distortion

H = (z=1)

s e N e 17)

z=0)

d(y? — 22)/d(z% — z?) type
Q= (m,m, m)

Resonant x—ray scattering

3—dim. Perovskite crystal



Polarization dependence of RIXS

KCuF,
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RIXS @ K-edge
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FIG. 2. Top panel: inelastic scattering for an incident energy of
8399.5 eV. Closed circles: incident polarization in the ab plane;
open circles: incident polarization approximately along ¢ Bottom
panel: same as top, with incident energy sei to 8590 V' [el c data
iopen circles) are multiplied by 5 to highlight the peak].

c.f. J.P.Hil C.C. Kao, W. A. L. Caliebe, M.
Hamainen-Hill-Kotani, PRB, 61 Matsubara, A. Kotani, J. L. Peng, and R. L. Greene,
1836 (2000) Phys. Rev. Lett. 80, 4967 1998.



Polarization dependence of RIXS

Cuprate La,CuO, Lu et al. PRB 74 224509 (' 06)
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dd excitation in K—edge RIXS

M. van Veenendaal et al. PRB 83, 045101 (" 11)
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FIG. 2. (Color online) (2) The total RIXS intensity due to the p-d
Coulomb interaction between the excited 4p electron and the 3d
valence clectrons in the intermediate state. A 907 horizontal scattering
condition with the incoming polarization vectors 45° with respect to
the 7 axis is used; see inset. (b) The RIXS intensity, but now scparated
u‘II|IIII|IIII|IIII|IIII|IIIIIIII|IIII imodlffcrcntluminthcp-dcwombinmmwhcml’z

[ 1 2 3 4 5 5000 10000 is related to the direct interaction and G' and G® are exchange
Energy Loss (aV) Ni 15 Absorption interactions. The top shows the angular distributions as a function
of the direction of the incoming polarization vector.
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FIG. 1. {Color onling) Mi K -edge RIXS of NiQ{00]] and NiCl;. The x-ray absorption is shown in the right panel. RIXS spectra for different
excitation energy are shown in the left panel.

dd excitation & possibility of polarization flipping



RIXS Cross Section

Kramers—Heisenberg formula
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Ishihara—Maekawa, PRB 62, R9252, (00)
Ishihara—Kondoh—Maekawa, Physica B 345, 15 (04)

“For both L— & K—edge RIXS”
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Correlation function of polarizability
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Polarizability tensor at i—site



Expansion of polarizability based on symmetry
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Example: d° D, in 2—dim. square lattice o Biy Ay B,
= =y~ (b1g) —@— 4. 7\
3:2 12 (a,) @ —— ' |
On-—site excitation :
ry (b2g) !
yz, zx (eg)

axas ~ L300 + I,2707% + 1750

VAN

Byg polarization By, excitation B, (A, ) excitation is detected in B, (A,,) polarization
(no—momentum dependence)

Lg

Off-site excitation

Afap ~ [I‘?lg(cos K.+ cosKy) + I“_l,lg(cos K, —cos Ky) + IE?“‘ sin K. + Iﬁ%y sin Ky] Oirlg

+ [ 29(-::05 Ky + cosKy) + I, 25’(cms Ky — cosKy) + IL’Q1 sin K, + I{f':gy sin Ky} Oﬁ?g
+

B,, excitation is detected in B, as well as A, and E, polarization

At K=0, momentum—polarization cross effect disappears
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c.f. P. Abbamonte et al. cond—-mat/9911215 along ' — X

Local excitation

. 2 ?"2 :132 .2
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Microscopic theory

Model Apz 4Apy
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2 X2 2-dimensional square lattice
with periodic boundary condition

9 X 3d orbitals

3 X 4p orbitals

1s orbital at each sites

Total hole # of d(3z), d(yz), d(zx),d(xy) <= 2
4p orbital : flat band

Exact diagonalization by Lanczos algorithm

RIXS spectra by the modified conjugate gradient method
and the recursion method
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RIXS experiments in KCuF,

KCuF5 E=8994eV
1DD T T T T T T T T
_ Q=(0.0.3.9) Ishii—-Kuzushita—Inami—
E 80 r 1 Ohwada-
5 60l Niioka—Tatami—Murakami
% x CT, Mott gap
% 407 1
2
£ 20}
D P! 1 1 1 ] 1
-2 4 6 8 10 12 14
Energy Loss [eV]
Intrasite and Intersite Excitations
Intrasite Excitation (dd) Intersite Excitation (CT)
g2 —4 L . I ot
nz2.r2 ) _ 4 ) __4
y - e
ye.zx ——— =
tog—eq eg—eg .




Intensity [arb. units]

Intensity [arb. units]
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TABLE I: Summary of the polarization conditions of Fig. 2.

Intensity [arb. units]

configuration polarization £ €5 symmetry of P, x Py
T — 0 y+=z H .435.—3-3_”—55.
(a) lafc — b Tty Z EE
’ m— T y+z y-—= Arg + Big + £y
[ate)—(a—c)| =4y r—y Big 4+ Aag
T— o y+z H .a—lgg—B-gy—Eg
(b) (a+e)—b r+y z 9
T y+z y-—=z Aig + Big + By Energy Loss [eV]
(a+e)—(a—c)| z+y T—y Big + Aag
T—a z Y Eq
(©) a— e Y T Aag + Bayg
T — z T Eg TABLE II: Symmetry of the orbital exeitations of KCuFs.
a—b Y = Eq excitation symmetry of I'y = I'y
m—o Ttz Y Azg + Bag + Eg B —12) — (@ — )4 Bi;
(d) a+b)—~e | y+z - Azg + By + Iy (zy) — (z% —u?) Agg
T— T T+ =z T—z Arg + Big+ By (yz) — (22 — 2 E,
(a+b)— (a-b)| y+= y—=z Ag+ By + E (zz) — (22 — 3?) E,

Ishii—Kuzushita—Inami—Ohwada—
Niioka—Tatami—Murakami



Summary

Polarization dependence of RIXS
in correlated electron systems

Selection Rule for RIXS
Scattering vector reflects on (
Raman type rule for local excitations & its breaking at finite Q

Orbital ordered KCuF,
Polarization dependence for dd excitation

Phys. Rev. B 83, 241101(R) (2011) (editor’ s suggestion)
Jour. Phys. Chem. Sol. 69, 3184 (2008)

Charge (collective) excitation in electronic ferroelectricity



