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Quantum materials: charge, spin, and orbitals degrees of freedom

X-ray | |neutron

So far, information about orbital occupation / local wave functions
IS extracted from spectroscopy (= quantitative analysis of spectra)

- tedious at best (e.g. cluster full multiplet calculations — need parameters)
- difficult if more than one site is involved (Ti,04, VO,, LaNIO,)

- Impossible if the system is very ‘metallic® (large inter-site charge fluctuations)

Can we avold spectroscopy ?!
Yes, we can !!




non-resonant inelastic x-ray scattering

dominant far away from absorption edges

dominant at absorption edges

non-resonant inelastic x-ray scattering, X-ray Raman




non-resonant inelastic x-ray scattering NIXS

W. Schlke
“Electron dynamics by
Inelastic x-ray scattering*
Oxford 2008

$(G, @) = > [{fle"1D)I*3(E; — Ey + hw) «————  scattering function
.

eld” =1 +ig# + (ig¥)* + - ..... €————— Expansion of transition operator



non-resonant inelastic x-ray scattering

Haverkort et al. PRL 2007

photon in — photon out

5(q, w) = Zl{ﬂf”’”hﬂzﬁ{ﬁ Ef +ho) < Scattering function

el =1 4igh + (iIgP)2 + - ..... < Expansion of transition operator

S(7,w) = Ef |Ekik 2k + 1)(R;|jx @7)]i) -Z;_k (67| C7* knC" | 1) 12 801 — htoy — )

expansion on spherical harmonics (core hole)




non-resonant inelastic x-ray scattering

Ydofili=2-1=3
only k = 1,3,5

dipole, octupole, triakontadipole

beyond dipole !

photon in — photon out

5(q. w) = Zl{ﬂf”‘”h)ﬁﬁ{ﬁ Ef +ho) < Scattering function

el =1 +igf + (igF2 + - ..... < Expansion of transition operator

) ¢ [l — | <k <l +;and |l; + I + k| = even for |; - |;<=Triangular condition & parity rule

S(@ w) = yf 1, @k + DR i (@) -Z;_k (D] €7 nC” | 81) 12 8 s — oy — o)

expansion on spherical harmonics (core hole)




non-resonant inelastic x-ray scattering

*S—rd:ii:[]—:-lfzz
only k = 2

quadrupole (beyond dipole)

photon in — photon out

5(q. w) = Zl{ﬂf”‘”h)ﬁﬁ{ﬁ Ef +ho) < Scattering function

el =1 +igf + (igF2 + - ..... < Expansion of transition operator

) ¢ [l — | <k <l +;and |l; + I + k| = even for |; - |;<=Triangular condition & parity rule

S(@ w) = yf 1, @k + DR i (@) -Z;_k (D] €7 nC” | 81) 12 8 s — oy — o)

expansion on spherical harmonics (core hole)




direct imaging of orbitals using s-NIXS

Max-Planck PO1 NIXS beamline
PETRA 11l - Hamburg

1st sample: NiO (AF-insulator, Ni%*: 3d?®)

hv = 6-18 keV, beam spot = 10 um x 10 pm,
bent spherical Si(660) analyzers

single
crystal

_>
in?’

9690 eV + AE

|g| set to a large value (ca. 10 A'2) to optimize
s-=>d transitions vs. s p transitions




direct imaging of orbitals using s-NIXS (s>d)
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direct imaging of orbitals using s-NIXS (s>d)
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Fig. 5 | Compton intensity as function of sample angle . Calculated and

En Ergy transﬁ measured Compton intensity as function of sample angle ¢ with respect to
specular geometry (gp=77.5) for scattering angle 28=155%,




direct imaging of orbitals using s-NIXS (s>d)

single NiO

crystal
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direct imaging of orbitals using s-NIXS (s>d)

C/ NiO single crystal
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direct imaging of orbitals using s-NIXS (s>d)

NiO single crystal

Ni 3d® high spin: 3A, = (322-r2)(x?-y?)
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Direct imaging of orbitals in quantum materials
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direct imaging of orbitals using s-NIXS (s>d)

NiO single crystal

Ni 3d® high spin: 3A, = (322-r2)(x?-y?)
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Why does the orientation dependence of s>d NIXS Energy (eV)
give directly the contour of the d hole density ?

no need for calculations!




optical/x-ray absorption: orientation/polarization dependence

|, = max l,=0
Py m Py 8 By rotating the p orbital, the s> p absorption intensity
will vary and follow the shape of the p orbital
_, s-orbital is spherical
S . S ‘ E is the only quantization axis

s-NIXS (X-ray Raman): orientation dependence

i s s _ | s-orbital is spherical
Slg, w) = Zlk? e TT| DY 8(E; — E; + hew) E’is the only quantization axis
I‘I.

e’ = 1+iqr + (ig")* + - .... By rotating the (p,d,f) orbital, the s= (p,d,f ) NIXS intensity
will vary and follow the shape of the p,d, or f orbital
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direct imaging of orbitals using s-NIXS

NiO single crystal

Ni 3d® high spin: 3A, = (322-r2)(x?-y?)

no need for resolution ! no need for calculations!

(s>d)
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direct imaging of orbitals using s-NIXS (s>d)

NiO single crystal

Ni 3d® high spin: 3A, = (3z2-r?)(x2-y?)

''''''''

Normalized Counts

3 (1) only valid for insulating materials ? how about metallic systems ?

(2) how close can the empty d-states be to the Fermi level ?

(3) what Is the influence of the core-hole on the empty d-density of states ?
(4) what iIs the effect of covalency ?

(5) why only the d-charge density, where are the p- or s-charge densities ?




What is being measured ?

S(ﬁ,a))=z |(f| 0(51)|i>|2 S(Ei —Ef + hw) spectrum
f

We have looked at the integrated intensity (“a sum-rule experiment”)

[s@ardo =" 1rlo@I)1z =) (il 0@ If) ] 0@ |
f f
g dependent expectation \ closure [heorem
value of the — ( ‘ ‘l)
ground/initial state
have done s-NIXS: — there is absolutel d to k
"5 - d transitons = {1 0:(D0..@]7) anything about the finl sttes




Orientation dependence of energy-integrated s-NIXS intensity

g dependent expectation
value of the
ground/initial state

we have done s-NIXS:

= (i| 0(90(@|i)

= <l‘ 63s3d(51))63s3d(51))‘i>

3s — 3d transitions quadrupoE

we could do s-NIXS: — [:l A >\ A >3 | -
3s = 4p transitions dipole _ <l‘ 0354P(q)0354p(q) I l)
we could do s-NIXS: — [:l A >\ A >\ | -
3s — 4s transitions mpnopole <l‘ 03545(61)03545(61) ‘ l>

S(q, w) = > [fle |)*8(E; — Ef + hw)
 §

el = 1 +ig7 + (g% + -+ .....

there is absolutely no need to know
anything about the final states

local 3d charge density

local 4p charge density

local 4s charge density

local charge density
(element/site-specific)




3d >High spin
Yavas et al., Nat. Phys. 15, 559 (2019) Amorese et al., PRX 11, 011002 (2021)

Leedahl et al., Nat. Comm. 10, 5447 (2019)




direct imaging of orbitals using s-NIXS: ground/excited states

Influence of Covalency PHYSICAL REVIEW X 11, 011002 (2021)

Selective Orbital Imaging of Excited States with X-Ray Spectroscopy:
The Example of a-MnS

A. Amorese.'” B. Leedahl.' M. Sundermann,'” H. (}rg:l'.nr\\un.' 'Z. Hu.' H-J. Lin.” C.T. Chen,” M. Schmidt,
H. Borrmann," Yu. Grin,' A. Severing,'* M. W, Haverkon®,” and L. H. Tjeng®'

MnS: high-spin 3d°

A | \'\
100Dy 0,360 ¢V
’ 2.287

3.136

A 2eh

10Dg | 0405 ¢\

2226

Excited States: 3110

A 4¢V

energy Splltt”’]g = 1«:{'14, 0,485 ¢\

2142
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Ground State:
Integrated
s-NIXS image
no longer spherical
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direct imaging of orbitals: ground state of metals

holes In the
3d shell

Fe metal NI metal
€4/tht 1.11 e4/trg: 0.86 €4/trg 0.25

(100) samples

(111) samples

e4/ty, hole ratio
(spherical=2/3)




direct imaging of orbitals: ground state of metals

holes In the Cr metal Fe metal Ni metal e /t,, hole ratio
3d shell e /tyy: 1.11 e /ty,: 0.86 e /thy: 0.25 (spherical=2/3)

(100) samples




Inelastic x-ray scattering beyond the dipole limit:
a new powerful experimental method for d- and f- quantum materials

s-NIXS direct imaging : ground state orbital occupation

s-core hole is spherical > direct imaging [e®

Ole|ml+le

« Information about the ground state : needs only integration over NIXS final states > “sum-rule*
* No need for spectroscopic calculations; can be applied also for highly charge fluctuating systems

s-NIXS direct imaging :

* Information from . needs of NIXS final states > spectroscopy !

 ldentification of character of the excited states: from orbital imaging

 s-core hole is spherical > no extra orbital complexity in multiplet structure >
Sugano-Tanabe-Kamimura can be used to extract energy parameters and character of ground state




direct imaging of orbitals using s-NIXS

(s>d)

MnS
rocksalt

100-110-010

=k
w

[ =
[y

—
I

—al
(%

=k

3
=z
2
w
c
E
=
o
2 0.8
M
©
£
[
o
=

Andrea Amorese et al.

100 150 200 250 300 350 400
Energy (eV)




110019

MnS ‘, : i

rocksalt

«110.019
100 - 110 - 010

o

3
s
>
o
c
[
€
o,
o
N
©
=
B
o
z

Andrea Amorese et al.

150 200 250
Energy (eV

g (]

Energy (oV) Energy (eV



direct imaging of orbitals using s-NIXS

MnS
rocksalt

Ground State:
spherical charge density

P WY S

00 - 110.019

3¢° High spin

Andrea Amorese et al.




direct imaging of orbitals using s-NIXS: ground/excited states

100 - 1914 - D1

MnS
rocksalt Ground State:
3d° high-spin

(spherical charge density)

00 - 110.019

Excited States:
3d® + hv = 3s13d°

Andrea Amorese et al.




direct imaging of orbitals using s-NIXS: ground/excited states

100 - 190 - &40 100 - 194 - D11

MnS o A"
rocksalt ' "

decomposition of excited states




direct imaging of orbitals using s-NIXS: ground/excited states

100 - 110 - 010 Y, oty 100 - 190 - 010 100 - 191 - b1

M,: 3d°> - 3s13d° transition

Initial state = spherical - final state = extra electron in t, or —




direct imaging of orbitals using s-NIXS: ground/excited states

100 - 110 -010 L 1W00-111.011
3

2100

Multiplets
of
Transition-Metal
lons in Crystals

M,: 3d°> - 3s13d° transition Satoru Sugano

: ety o e
Initial state = spherical - final state = extra electron in t, or v S i
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direct imaging of orbitals using s-NIXS: ground/excited states

100 - 110 -010 Y 100111001

00

M,: 3d°> - 3s13d° transition

Initial state = spherical - final state = extra electron in t, or

L= B - 1 - D o
Dl B2

energy separation

5 Ia 6
sz | ) I(dt )

0 20 30 40
crystal field 19pq/8




direct imaging of orbitals using s-NIXS: ground/excited states

100 - 110 -010 Y 100111001

00

M,: 3d°> - 3s13d° transition

Initial state = spherical - final state = extra electron in t, or

B - 0 - T

energy separation

20 30 40
crystal field 19pq/8

Fic. 5.6. The energy level diagram for the N = 6 system




direct imaging of orbitals using s-NIXS: ground/excited states

100 - 110 -010 Y 100111011

2100

M,: 3d°> - 3s13d° transition

Initial state = spherical - final state = extra electron in t, or

B - 0 - T

Fic. 5.6. The energy level diagram for the N = 6 system




direct imaging of orbitals using s-NIXS: ground/excited states

100 - 110 -010 . 100111011

M,: 3d°> - 3s13d° transition

Initial state = spherical - final state = extra electron in t, or

B - 0 - T

F
s-core level does not add orbital angular momentum (only spin)
—> Sugano-Tanabe-Kamimura tables can be directly used !!!

Fic. 5.6. The energy level diagram for the N = 6 system




direct imaging of orbitals using s-NIXS: ground/exmted states

s-core level does not add orbital angular momentum (onl
—> Sugano-Tanabe-Kamimura tables can be directly us

Mn 34” Mn 3s'34°

2 26 3 38 4 4 0 0 ! 2 25 3
10Dq (eV) 10Dg (eV)



direct imaging of orbitals using s-NIXS: ground/exmted states

s-core level does not add orbital angular momentum (onl
—> Sugano-Tanabe-Kamimura tables can be directly us

Mn 35’ 34"

<
il

Encrgy (¢V)
Emergy (eV)

andbemad " VNS TS == | :
0 |<||<:‘<31&44€ﬁ
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direct imaging of orbitals using s-NIXS: ground/excited states

s-core level does not add orbital angular momentum (only spin)
—> Sugano-Tanabe-Kamimura tables can be directly used !!!

| _M high-pressure Mn2+’ Fe3+
(polycrystalline)

two peaks
<2eV
apart

Epecrgy (eV)

Emergy (eV)

g =0

PHYSICAL REVIEW X 11, 011002 (2021) +S,)>

a=1 (S4 :
a=1 (84 -S;) - low-spin
Selective Orbital Imaging of Excited States with X-Ray Spectroscopy: ¥ (§:-S,) > t. 5-GS
The Example of a-MnS va=2 (Sq-8,) < 29

A. Amorese.'” B. Leedahl.' M. Sundermann,'” H. Gretarsson,'” Z. Hu.! H.-J. Lin.* C. T. Chen,* M. Schmidt.

ct. ~ (single crystal) highly non-spherical
H. Borrmann,” Yu. Grin,' A. Severing,"* M. W, Haverkon®,” and L. H. Tjeng®' i AR




Inelastic x-ray scattering beyond the dipole limit:
a new powerful experimental method for d- and f- quantum materials

s-NIXS direct imaging : ground state orbital occupation //orbital character

s-core hole is spherical > direct imaging [e®

Ole|mi+le

« Information about the ground state : needs only integration over NIXS final states > “sum-rule*
* No need for spectroscopic calculations; can be applied also for highly charge fluctuating systems

* Information from : needs of NIXS final states

 ldentification of character of the excited states: from orbital imaging

 s-core hole is spherical > no extra orbital complexity in multiplet structure >
Sugano-Tanabe-Kamimura can be used to extract energy parameters and character of ground state

NIXS spectroscopy  : excitonic states // dichroism beyond dipole > 4f and 5f systems




