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Outline

I.  Complex oxide heterostructure with correlated spin, charge, orbital, and lattice
degrees of freedom

II. How can we probe spin, charge, and orbital degrees of freedom by x-ray
spectroscopy?

o X-ray absorption spectroscopy (XAS) with polarized soft x-rays
o Resonant x-ray reflectometry (XRR)
o Resonant elastic x-ray scattering (REXS)

. Case studies:
o Interfacial doping in cuprate-nickelate hybrid structures
o Orbital reflectometry of nickelate and vanadate superlattices
o Noncollinear magnetic order in nickel oxide heterostructures
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Complex oxide heterostructure
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3d transition-metal oxide perovskites

* Large variety of interesting quantum states:
Magnetism, Mott transitions,
superconductivity, (multiferro)electrics, ...

ABO, & P « facile chemical substitution

e Flexible and comparatively simple structure

* cube-on-cube combination of different
compounds in heterostructures.

Lattice

-> Building blocks of our heterostructures
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Transition Metal Compounds. D. Khomskii. Cambridge University Press, 2014



Two prototypical correlated material systems

V3* or Ni3*
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Rational design

(i) Create unigue model systems to study the
materials and understand their interfaces

(ii) Stabilization of interesting phases under
more easily accessible conditions and with
less disorder (superconductivity, magnetic
phases, ...)

Goal: Modify the properties of ABO, compounds
through targeted realization of interface
reconstructions

Substrate
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Growth of oxide heterostructures

Pulsed laser deposition Molecular beam epitaxy

sample holder

liquid nitrogen

unit cell precision atomic layer precision

residual gas
measurement

radiation J
pyrometer

effusion-
cell

clection, T ,electron-

W camera”

A\  effusion-

phutte!

electron-gun: S
(evaporates metal 3) - Pump
i 5

Photograph of the laser plume.
© Max-Planck-Institute for Solid-State-Research

In collaboration with G.
Logvenov’s group at
MPI-FKF

chool on Correlated

Electrons- 2023 Wrobel, Logvenov, EB et al., APL 110, 4 (2017)



Epitaxial strain — structural modifications

Structural modifications are often crucial

Lattice mismatch with underlying substrate
— compressive or tensile biaxial strain

Necessity to connect across the interface:
» Deformation of octahedra

> Tilts & rotations of the octahedra

Affect TM-O-TM bond length and bond angles!
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May et al. PRB 82, 014110 (2010); Qi, EB et al., J Mater Sci 50, 5300 (2015)



Epitaxial strain — structural modifications

Structural modifications are often crucial

 Lattice mismatch with underlying substrate
— compressive or tensile biaxial strain

« Necessity to connect across the interface:

> Deformation of octahedra

> Tilts & rotations of the octahedra

« Affect TM-O-TM bond length and bond angles!
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Epitaxial strain — structural modifications

Structural modifications are often crucial

 Lattice mismatch with underlying substrate
— compressive or tensile biaxial strain

« Necessity to connect across the interface:
» Deformation of octahedra

> Tilts & rotations of the octahedra

« Affect TM-O-TM bond length and bond angles!

// b
y N
3 . A~ = :
y b 5

J & A\ ,
% .
-wvr
,/I
Y ™ ~ ~~
da\ o\ £
) < >
\ / \
.
\

Substrate J;I;\L\[
y V V¥V N

J—eOTTC ated May et al. PRB 82, 014110 (2010); Qi, EB et al., J Mater Sci 50, 5300 (2015)

Electrons- 2023



Lattice, charge, orbital, and magnetic reconstructions

Substrate

Interfacial charge transfer, orbital reconstructions, and magnetic interactions
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How can we probe spin, charge, and orbital degrees of
freedom by x-ray spectroscopy?
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Wikipedia
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X-ray mass absorption coefficient

The measured quantity is the x-ray mass absorption coefficient defined by

transmitted intensity through a material of density p and thickness d.

Absorption cross section:
u(E)

Gas (B) = =

with n: density of targeted particles

Attenuation Length 1/, : “penetration depth into the material measured along the surface normal where the
intensity of x-rays falls to 1/e of its value at the surface”

u = u(E) = In x-ray spectroscopy we require highly brilliant, polarized, x-rays with tunable energy
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Synchrotrons around the world
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Soft x-ray beamlines
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Ultra-high vacuum, Undulator beamline: highly brilliant x-rays, high degree of
elliptical polarization which can be varied (linear/circular)
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Soft x-ray diffractometers

gl UE46-PGM1 beamline @
BESSY Berlin, Germany

* BESSY Berlin,
+ MPI UHV
magnetic
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' diffractomgter . -

-1
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3 BOREAS beamline Saskatoon, Canada
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UHV reflectometer
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« Beamline: linear and circular polarized

soft x-rays: E = 60— 1300 eV

« UHV conditions

« Temperature: 30 — 500 K (liquid N2, He)
 Magnet: max. 640 mT

 In-situ measurement x-ray absorption

(TEY & FY) and specular x-ray scattering
(reflectivity)

Electrons- 2023

Briick et al., Rev. Sci Instrum. 79, 083109 (2008)



Absorption and Scattering

Transition probability up to second order perturbation theory (Fermi’s golden rule)

Total cross section:

5= (FHone i) + z (f [HineIn)Xn|Hine Q) 5(E; — Ef)

Ei_En

Po fld)o

n: intermediate (virtual) state
energy conservation; [n) virtual

state, i.e. no energy
Y. :over all possible intermediate states with E,, conservation required, i.e. does

not appearin 6(...)
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Interaction Hamiltonian

Resonant x-ray diffraction
(hwq = hw,, REXS): ordered
electronic/magnetic structure

P 1 . .
A(Tk, t) 0.6 Zi,kﬁgi (ak,i(t)e‘kr + a,t,i(t)e lkT)

Vector potential of radiation field

0, +2 photons

+1 photon
(term linear in photon
creation/annihilation)

hwf
emission

In)

X-ray absorption
spectroscopy (XAS):
average electronic
structure

1), 1)

Resonant inelastic x-ray scattering (Aw; # hw-,, RIXS):
dynamics of low energy excitations
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Scattering factor

In a crystal, each lattice site acts as a scattering center for the incident
x-rays and is described by the atomic scattering factor/tensor

F(E,q) = fo(@) + finag™ = + fres(E) + ifres(E)

1 v ) (F;r;r. Fry F&..\

energy-dependent ~

i ) ) F = yT Yy Yz
anomalous dlsperS|0n corrections # F F

Optical theorem Tl el

1
Ixgs —Elm(F(E)) = fres(E)
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X-ray absorption spectroscopy
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Fermi’s golden rule (dipole approximation)

Electric dipole
selection rules:

Al=1,Am = %1

2T _ -
heas = == ) 18- 7I)? - 8(E; - By — ho)
f
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A measured spectrum over a wide energy range

General features of the spectrum:

@ Overall decease of u(E) with ~1/E3

Absorption edges: Element sensitivity &
valence state

Drain current

Near Edge X-ray Absorption Fine Structure
@ (NEXAFS) also X-ray Absorption Near-Edge
Structure (XANES): crystal field, spin & orbital

Extended X-ray Absorption Fine Structure:

! . @1 . ! . ! . local atomic distances (not in this lecture)
400 600 800 1000 1200

Energy (eV)
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Soft XAS
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XAS fine structure of 3d transition metal oxides
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XAS measurement on solid state materials

107 Fe ; . Attenuation length in soft x-ray
= P = T G | range below ~ 1 um
Lé’ Transmission measurements only

- = = 40% possible on ultrathin films / powders

> on transparent membranes, but for
) ..
= many bulk samples transmission
C .
8 101- measurements are not possible
<

10°2 —_— —_——

100 1000 10000

Photon energy (eV)
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How to measure XAS on bulk samples?

The decay products of the absorption

-~ S

SN .
FY > REXS process are used to estimate the

______

e S

" KRour 4 absorption!

scattering plane
|.  Emission of a fluorescence photons

—> Fluorescence yield (FY)

Il. Auger decay, followed by secondary
processes that emit electrons,
measure drain current
—> Total electron yield (TEY)
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Total electron yield versus fluorescence yield

top layer

XAS of a LaNiO;-LaAlO, superlattice

CLa-Mg
TEY

FY: saturation effects in the vicinity of
strong absorption lines can falsify the
relative intensities in the fine structure.

N
o
I

Intensity (a.u.)
=
o
I

Ni-L, | TEY: Problem of saturation is less
relevant, but this type of detection is
rather surface sensitive, because it
depends on the effective escape depth
of the photoelectrons, which is often
A less than 5 nm, but can vary strongly.
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hool on Correlated Wadati et al. APL 100, 193906 (2012), Nakajima et al. PRB 59, 6421 (1999),
Zafar et al. J. Elect. Spec. Rel. Pheno. 191, 1 (2013)
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Description of the spectra depends on |f)
K-edges T™M L, ,-edges Rare-earth M-edges

Band excitations Resonances Excitons

... depends on

- localized (like f states) or delocalized (like p states) final states are; d states are neither of both really

- Multiplets, significant overlap of core and valence wave functions in the ground state (Lecture by R. Eder)
 crystal field

- covalent/ionic character ...
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Description of the spectra

K-edges T™M L, ,-edges Rare-earth M-edges

Methods used to describe spectra
Zaanen et al. PRB 40 (1989)

- LDA(+U) Thole et al., PRB 32, 5107 (1985)
« Configuration interaction cluster calculations /double cluster F. de Groot, Coord. Chem. Rev. 249, 31-63 (2005)

. . G. van der Laan PRB 33, 4253 (1986)
» Ligand-field parameters from DFT+U M. Haverkort et al., PRB 85, 165113 (2012)
o ... R. Green et al., PRB 94, 195127 (2016)
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XAS fine structure — Valence state & crystal field parameter

|

{

Bariandite V0005

Pascoeite Ca,V,0,. 1TH,0

Barnesite Na,V.0, 3H,0

Coulsonite FeV,0,
(in magnetite)

Roscoelite

ool on Correlated
Electrons- 2023

514
Energy (eV)

21

—

Intensity

1 1 T T I T T T T I T 7

510 520 530
Energy (eV)

Valence state

For anions (cations) with different valence state
the absorption edge is shifted to lower (higher)
photon energies because of the lower (higher)
ionization potential

Fine structure

Comparison of fine structure with multiplet
calculations for localized materials — crystal field
splitting

Cressey et al., Phys Chem Minerals 20, 111 (1993), de Groot et al., PRB 42, 5459 (1990)



Ligand-field cluster calculations of transition metal L; , edges

_|stTio; Fio.

E — Theory
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X-ray dichroism
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X-ray dichroism

Occurs when the spherical symmetry of the free atom is broken due to a magnetic or
(crystalline) electric field

paramagnetic
Optical theorem:
1
IXAS(E) X —EIIH(F(E))
antiferromagnetic
M
Crystal field Ferromagnet
P © © | Fio iFyy O
F(E)tetragonal _ 0 F:u F(E)magnetlc _ —ime F:c:r
0 0 F.. 0 0 Fiy

POROITCorrelated Stohr, J. Mag. and Mag. Mat., 200, 470 (1999), Pesquera et al., Nat. Comm, 3, 1189 (2012)
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X-ray linear dichroism (XLD)

Natural linear dichroism (crystal field)

I i I :
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Linear dichroism

e, 2

* Excitation from a s orbital to a p orbital. V

ot ]

* Three different p orbitals (py, p,, and p,) as

2p
i
final states. . 5r - i
* |f we use z polarized light then the intensity PPy /% _,

for an excitation to an p, orbital is \
proportional to the square (s|z|p,)

Ay
\

* Sincesiseveninz, zisoddin z and p, is 2 1ol I V4 I z pol.
again even in z, the total integrant is odd in z POl ":

AY

 The integral over an odd function is zero

— With z polarized light one can only excite an s 41—17 S
orbital to the p, orbital.

1s
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Sum rules for linear dichroism

1 1 2
1 | 2
i il 2
IZ = §hf’1"'z —|_ Ehfljz + gh;zg.

nool on Correlated

For 3d electron systems with fully filled t,, and partially
filled e, orbitals, the sum rules simplify, and we can
directly relate the ratio of e, holes to the integrated XAS
intensities for in-plane (I, 5) and out-of-plane (I,)

polarization: ‘

hio . 3L
ez AL — 1

Since for t,,-systems the e -orbitals have finite hole

occupations, the orbital occupations cannot be
determined directly from the measured spectra, but
cluster calculations

M. Haverkort, PhD thesis, University of Cologne (2005)
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Resonant elastic x-ray scattering

th 3d
absorption

h(l)l
emission
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Resonant x-ray diffraction

X-ray scattering factor/tensor

F(E,q) = fo(@) + fmag ™™ + fres(E) + ifyes(E)

Polarisation dependence

Optical theorem
Iscar = e.i(kin_kouam €out - F‘fe " €in
Iyps X _Elm(F(E)) — fres(E) |

. . (F:I‘;I‘. FC{?y F.’I?Z \
Fermi’s golden rule (second order perturbation)

Sl
]

2 Fyr Yy [yz

(i]€ - r|n)(n|é" - rli)
— E, — E;—hw—i "/, L

Iscar < |[F(E)|* o< | k?

\ sum over all (virtual) intermediate states
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Resonant x-ray scattering/reflectometry

« Combine diffraction (information on spatial modulation) with
x-ray absorption (spectroscopic information) in a single
experiment.

« Elastic scattering (hw; = hw,)

hw4 e
emission - Element sensitivity & strong enhancement of the cross

section.

- Defined polarization state of incoming x-rays / analyse
outgoing polarization

« Transitions depend on the spin, orbital and charge
configuration (XAS final state) of the resonant scatter centres

hool on Correlated EB et al, Phys. Status Solidi B, 2100253 (2022)
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Scan types

detector scan

rocking curve

h-scan

radial scan

surface

C.

0/20 (/) scan: scan along fixed direction defined
by q

0 scan (o scan; rocking curve): scan
perpendicular to g

azimuth (@) scan: turning the sample around -
vary projection onto polarization vectors

constant-q energy scan: scanning E across the
resonance while keeping g-transfer constant.

ool on Correlated
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0/20 scan at low angles (x-ray reflectivity)

A. : : : :
= A. 0/20 scan: scan along fixed direction defined by g
! Lcomgo  EXP 3 M B.
t t C-
& = M g ,,=0.086
g . % i : : ; — D.
= = q ,5=0.222 q ,5=0.239
> > _J
E i E : : = — :
3 A . .
ats = = Charge, elemental, magnetic profile
770 780 790 800
qz4=0402 Energy (eV)
Exp —
./ K. e Fit -

Energy (eV)

ool on Correlated Hamann-Borrero et al., npj Quantum Materials (2016) 1, 16013

Electrons- 2023 Macke et al, Adv. Mater. 26, 6554—6559, October 15, 2014



Rocking scan, for example of the AFM Bragg peak in RNiO,

B. 5 A.
(@) 0 B. 0 scan (rocking curve): scan perpendicular to g
] ey Ho 3
Z =(a3) ¢%° C.
54 —»—(a14) & L.
-Ei J.I I' | 0.23 0.25 0.27
‘E : T (HH) D.
S 3-
£ . .
!{’ \—_& = Information on ordering vector
' R mpn - g abe - Rube -

I I T I !} [ ) I
023 024 025 026 027
(HHH) (rlu of SL)

Amag = (1/4 1/4 1/4)

45‘_JL—*
[ 4
\Jl, v
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Azimuthal scan, around the magnetic Bragg peak

C.

(@)

\

bulk (non-collinear)

o T

P& d

)

collinear spins along [111]

Norm. Integrated Intensity (arb. units)

90 180 270 360

v (%)
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non-collinear

jins

versus collinear

N\

¢\‘

C. azimuth scan: turning the sample around
—> vary projection onto polarization
vectors

= Moment directions and amplitudes
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Hepting et al., Nat. Phys. (2018)



Energy scan

10
z
S o
2 g
5 x| Reflectivity A.
g 2
& r.‘ % o23025027 2
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Energy (eV)

Frano et al., PRL 111, 106804 (2013); Hepting, Nat. Phys. (2018),

Lu et al, PRB 93, 165121 (2016)



Resonant reflectivity (“low-angle” specular scattering)

Homogenous medium approach: Refractive index in the x-ray range

n=1—=904+183

with optical constants ¢ and 3

27 pro(ch)?

0(E) = =0 (2" + f'(E))
| 2mpro(ch)? =, substrate Ssubs Psu
sE) = T (E)), e

with the real and imaginary part f, f”” of the scattering factor (forward scattering q ~ 0)
and p the electron density and r, the Thompson scattering amplitude.

nool on Correlated
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Structural parameters

D[ 1 dgy
| L +—— 30 nm SrCrO,
_ “— 30nm SrVO,
SrTiO; substrate

0.1

0.01
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|||||ITI| |||||ITI| |||||I'I1| TTTIT

N, X qzh0 (003)g,

Reflectivty

4l LAV AAL NG
~1/dsy,
1E-5
~1/D
1E-6 8 keV
— 523 eV

1E_7 1 | 1 | 1 | 1 | 1 | 1 | 1 |

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
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Energy dependent anomalous dispersion corrections

400

200

LaM

54

— '(E) KK from XAS -
— f'(E) calc. -

Very strong intensity variations across the
resonances not captured by theoretical

SE, values
Usually the resonance lines are measured
-200 - by XAS, than scaled to tabulated values

of f”

In the real part f’ is then obtained via the
Kramer-Kronig relation

_ 400 . The anomalies across the resonances in f~
- —— f'(E) from XAS extend over a wider energy range.
200 — f"(E) calc. -
0 1 T 1 1
750 800 850 900 950
Energy (eV)

ool on Correlated

Electrons- 2023 http://physics.nist.gov/PhysRefData/ or

http://henke.lbl.gov/optical_constants/




Yo Case studies

* Interfacial doping in cuprate-nickelate hybrid structures

* Orbital reflectometry of nickelate and vanadate superlattices

* Noncollinear magnetic order in nickel oxide heterostructures
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Interfacial doping in cuprate-nickelate hybrid structures

Friederike Wrobel
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Wrobel, EB, et al, Phys. Rev. Materials 2, 035001 (2018)



Motivation

Charge carrier doping in correlated transition metal oxides:

» Bulk: Chemical substitution often generates strong structural and
chemical disorder can drastically modify the electronic behaviour

» Oxide interfaces: thermal diffusion of dopant atoms limits the
ability to create sharp interfaces between different dopant and
doped layers.
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Atomic layer-by-layer molecular beam epitaxy

(La,Cu0Q,),,/LaO/(LaNiO,), hybrid structures
OAOCAO -
OO L m layers
La,CuO,

L 4 layers
LaNiOg

“B cation ordered Ruddlesden-Popper”
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Nickel valence state modulation

X-ray absorption

B 6 —FYL(E) ® O © Cu ® Ni
3 5 —FYL(E) 0.08
£ 4f g " Lco LNO Nit  co ]
2 3¢ Cu-L ag:j 0.06 - i
& 2F S 004 N
5 | JL;::J" 2 0.02 | - i
e e e | * * ]
930 940 950 960 S 000 peoo—@ LIS 6 9 o014
Energy (eV) é 0.02 )
O ’ | |
_ 4 S 004] 4
Characteristic of Cu 3 - |
) -0.06 - donaﬂnlg(LaO)‘ =
E 3f FY | (E) & 8 i | Ilayers‘atmte;rfaces: | N
T =Y LB 2 3 4 5 6 7 8 9
g °f Ni'l. Number of layer
=
Z 1)
2 DFT+U
20 ) . . .
£ (Pentcheva & Geisler, University of Duisburg):

855 860 865 870 875
Energy (eV)
, , Additional charge is predominantly
_ . o,
Signatures of a Ni** and Ni*" mixture accommodated in the interfacial nickelate layers

hool on Correlated Zhou , PRL 84, 526 (2000); Wrobel et al. Phys. Rev. Materials 2, 035001 (2018) ;
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Metal-insulator transition

DFT+U: charge disproportionation Experiment: LaNiO; layer thickness
In the interfacial nickelate layers dependent in-plane electronic transport
Transition metal site 1 Transition metal site 2
—osl R A AN Y " W I::
:;; -0.5 B . I . e -OIST HB. 1L i *oe, .......l..l.lll.l.l-.l.ll..l.ll..i-..k:..
% 0'5__I i ; |1-‘l1'2|-|13_.'o._ R\
:g of A ey, 1‘[ {31 T ] AT TS ——
2 D _: e o e e e S e B B e e e o I o 1 S :_ E
= osf _ [\ 14 ) .
x ; ¢ b S
g 05 N “ N a2 1T T sesessons sesncsasnsss
L osf R a " eeeene 7x(1//2)
D ol ja 1 - = = 10x(1//3)
N A AMAEEINL, A ATE 1025_—9x(1//4)
8 -7 6 5 4 -3 21 01 2 3 4 8765432101 2 3 4 K .
[ T eeveee [(LaNiQ,),(LaAlO,),],
EHSrEy(29) ——[(LaNiOy),(LaAIO,) ],
PO N Y YT O N Y WO YO YO NN YN YOO TN TN (Y NN MY MO

0 50 100 150 200 250 300

Temperature (K)

5 ec(:f;rfsn_ (Z:gzr;elated F. Wrobel et al. Phys. Rev. Materials 2, 035001 (2018)




Orbital reflectometry of nickelate and vanadate superlattices

Interface

¢ XK

Meng Wu Padma
Radhakrishnan
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How to measure layer-resolved orbital occupations?

namure

. LETTERS
materlal S PUBLISHED OMNLINE: & FEBRUARY 201 | DOI:10.1038/NMAT2958

Ni-

Orbital reflectometry of oxide heterostructures

Eva Benckiser', Maurits W. Haverkort', Sebastian Briick??, Eberhard Goering?, Sebastian Macke?,
Alex Fraié', Xiaoping Yang', Ole K. Andersen’, Georg Cristiani', Hanns-Ulrich Habermeier,

Alexander V. Boris', loannis Zegkinoglou', Peter Wochner?, Heon-Jung Kim"®, Vladimir Hinkov'*

and Bernhard Keimer'*

31,

hag_y

X — — Tz
he_p 4L — I,

Resonant X-ray reflectivity with linearly polarized soft x-rays tuned to the Ni-L edge:

e XAS: guantitative information via the sum rules
o Reflectivity allows to determine layer-resolved orbital polarization profiles
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Layer-resolved orbital polarizations in LaNiO, superlattices

Resonant x-ray reflectometry of a symmetric superlattice:

0.01 |
. Band

" Insulator
‘

1E-4

Intensity

1E-6

E =854.7 eV

[ » |Data o-pol.
1E-8 o Data n-pol.
Parratt fit LaNiO
. | . | . | . | . | . | ¢ }4 3
0.0 0.1 0.2 0.3 0.4 0.5 0.6 unit
q, (A7) U« | cells

e -0s= 0% S o
d d 4 d insulator
YV e

rrmmenibdii Wrobel, EB et al., Appl. Phys. Lett.110, 041606 (2017), EB et al., Nat. Mater. 10, 189 (2011)




Orbital reflectometry LaNiO,-LaAlO, SL

XAS

Total yield (a.u.)

0.0

Difference

——FYE]||x-E||lz
Calc. E|[x-E||z (5.5£2.0% more xz—yz)
L | L | L |

855

860 865 870 875
Energy (eV)

880

a,

at const

Norm. refl

1.5x10

:1.0x10™

ol
o
x
H
o
&

o
o

Reflectivity

Experiment

o
ﬁ s [ (cos(20)?)

¢t Nils g =0.409 A™

830

840 850 860 870
Energy (eV)

Strong linear dichroism in reflectivity at (002) -
modulation in orbital polarization!
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Simulation of the constant-g spectra

Multiple scattering important (dynamical theory for Multilayer )
(Parratt, PR 95, 359 (1954))

RemagX (by S. Macke):

* handle materials with arbitrary, in particular anisotropic, dielectric
properties

» 3 different algorithms for isotropic and anisotropic media (Parratt /
Matrix(Zak) / Full Matrix)

F** 0 0
A LNO _
F tetra 0O F* 0
0 0O F*?
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Quantitative analysis

1500 fa M am Experiment » Compare normalized difference spectra with
! 3 4 ——q,=0.409 A" . .
@ 1.0x10"}F NiL, simulations
o 3
5 5.0x10°F | ool NiL, o Vary parameter a that defines the degree to which
g ‘o 1000 0| P ' the orbital polarization of the A and B sub-layers
o .UX B . 5 . .
% | differ (XAS average polarization fixed)
T 2.0x10° j\/v\
i n pol.
0.0 . :\-\: , : : ; —
o4l c Simulation A
— BAAB a=0.2
== BAAB a=0.3
2 —— BAAB =04 -ﬂ
qC) ABBA a=0.4
: oo e/
= — homogeneous case
3 \
IS Best fit: o0 = 0.3
© c
E | 858 Interface layers B:  (7+3)% more x2-y2 occupation
< 00 W”/\UAM“WP"L .
| \/ Central layers A: (41£1)% more x2-y? occupation
_01 1 . 1 . 1 . 1 . 1
830 840 850 860 870
Energy (eV)
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Simulation of the energy dependent scattering

: . . h
. La M, Experiment Simulation > g
o 4 ) LAO 4
- 1.5x10 " | g - 1.5x10
L ‘ LaM — modulated .
§ g 7 (*c0s(20)?) LAO -.J.
©1.0x10" | g ) . ,/ = - 1.0x10"
E p Ni L3 qz = 0.409 A B 1
£ 5 5
S5.0x10 5.0x10
p
0.0 L : \\L ' : 0.0
830 840 850 860 870 830 840 850 860 870
Energy (eV) Energy (eV)
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Orbital polarisation versus in-plane lattice constant

30
LNO-GSO on GSO +
B
_ | gfas >
§ 20 -~ | A€ |
o :
E RXO é
= LNO-LGO on STO
8
S0 L
o
o
O  |iNo-LAOonLSAO LNO-LAG on STO
0 A Ppl|
¢ FPp
A NG bulk
| ) | I: | ) | ) |
3.75 3.80 :3.85 3.90 3.95
i Ag (A)

compressive «— : —» tensile

nool on Correlated

Strain is the most effective control
parameter.

“Confinement effect” of different
band insulators is rather small.

Up to 25% x?-y? polarisation, but more
is difficult to archive.
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EB et al., Nat. Mat. 10, 189 (2011); Wu, EB et al., PRB 88, 125124 (2013), PRB 91, 195130 (2015)



Motivation to study YVO, superlattices

Orbital occupations determine electronic structure and magnetic
superexchange interactions:

> e, electron systems: Several studies on heteroepitaxial modifications
(strain, confinement) in nickelates, manganates, cuprates, ....

> t,, systems: Less explored and couple less to the lattice
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Rare-earth vanadates (RVO,, R =Y, La-Lu)

« Strongly correlated Mott-Hubbard

Vanadates RVO; (3d?) insulator (no MIT)
: « Crystal-field + superexchange dominate

d'ﬂ—l U £ dn—l—l
—_— [« A i
' | Aeﬁf‘;ﬁ'
3d_/ v
# 3 xw Interplay of spin, orbital and lattice degrees
t, " of freedom results in unique orbital and spin

ordering patterns

ool on Correlated
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Rare-earth vanadates (RVO,)

Orthorhombic crystal structure :
Electronic structure

Cubic unit cell b,

Pbnm
unit cell

Two competing orbital ordered phases
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Phase diagram of rare-earth vanadates

300K
Hamiltonian H = H;+ Hy

220 ——
|
200 = T, RVO,-
= Superexchange + Lattice effects 180 :O 3
¥ 160 G-00 L3
| | g 140 e ©® .
> o T °
favors favors & 120 ¢ " r 1
G-00/C-SO C-00/G-SO °Eci 100 C-00 |
80 |
KZ. G-SO |
40 .
20 .
0 | L | L 1 . 1
1.20 1.25 1.30 135

R - cation radius (A) ,#. v _¢_ .

Heterostructures of member at phase boundary: YVO,

Explore possible changes induced by heteroeptaxy Lecture by A. Oleé

ool on Correlated G. Khaliullin, Prog. Theor. Phys. 160, (2005)
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Scanning transmission electron microscopy

XAS V L-edge EELS line scans V L-edge

= —Vl-edge o

o | il I

> I

£ _

C I L

GJ L

=3 IR— _

510 520 504 512 520 528

Energy (eV) Energy (eV)

\/3* oxidation state throughout the layer stacks
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Design of the superlattice geometry

Three YVO,/LaAlO, Superlattices on NdGaO, (110)

(8/4)u.c. x 6 (6/6)u.c.x6  (4/8)u.c.x6

Superlattice structure chosen to
optimize the analysis of resonant x-ray

" ’.: $ " .‘ | Bilayer reﬂectometry
_f”: AAAD
dEE

F (003) F (002) F (003) < (fir — fc)
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Resonant reflectometry measurements

Q-dependent reflectivity Polarized E-dependent reflectivity

! CAtV-ledge ] =L ma.Q@ p @ —g]
3 | 001 At V-L edge {3 | _
Zi -
B £
S| g
14 &
510 515 5200 525 Dichroism
Energy (eV)
(o-m)/(c+m) Exp Fit
Fit to get depth-dependent §0.4 001 002 003
structural information B 0.0 =T _M
o
0.4
515 520 525 515 520 525 515 520 525
Energy (eV)

Simulate to get depth-dependent electronic information
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Simulating reflectivity — Example 4/8 superlattice

Measured Polarized XAS

N i Iy— 17 Complex refractive |n.dex KON €in1 0 0
2 =1+ 6 +if =+ 0 € O
2 | 0 0 €put
<

512 516 520 524

Energy (eV)
i Exp Fit
Test different models C l
>
.|: ]
Vary parameters: <
$90604 oo T > _-}\VL,P\
LAO $64644 , £
Ay, Ay, Az: Modulation -0.4 . |
yvoot§:§”’ and f: total dichroism 515 520 525 515 520 525 515 520 525
Energy (eV)

XLDaverage = XI'Dlnterface + XLD

central
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EB et al. Nat. Mater. 10, 189 (2011)



Layer-resolved linear dichroism

L. i Bulk Superlattice
333208 223221 /e Interface
0 - -
Exp Sim! | Y 3d2f Yz Xz w x
TE ek
Interface . ___ /.| 8/4

t2g
- §» § §

e xz and yz average degeneracy lifted in SL unlike bulk

e xz-yz polarization is inverted between Central and
Interface layers

515 520 525 ses0ee
Energy (eV)
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e Xy occupation depends on number of YVO, layers



Qualitative understanding

Central layers: Epitaxial strain Interface layers : Confinement

Tensile strain, but

. ! longer out-of-plane Reduced
I/y l 1 parameter hopping
2 L-vZ==Ti-=v1-== (negative Poisson ratio)
Bulk
Bulk Interface
YZ X2 oe
oe¢ " g 0N
Longer out-of-plane axis = increase XZ occupation Confinement = increase Yz occupation
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Noncollinear magnetic order in nickel oxide heterostructures

Matthias
Hepting

Martin
Bluschke
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Resonant magnetic scattering of LaNiO,—LaAlO, superlattices

5 10
(a) 5
| - fa = B
_ o) i g .
q=(sYL) B, (3//3) ;e g
- =w=(ld) P baw 2 Bie]
o 8 'l. =
([ @ e % o2so2s027 2 ]
E :f ! (HHo) 2 %
3unit] & % 5 . %
cellsy <@ £ 37 @
, - \‘....g > 2
; b mpn g abe e bube el 2
| &
0 - y A
023 024 025 026 0.27 848 850 852 854 856 858 860

(HHH) (rlu of SL) Energy (eV)

LaNiO; slabs < 2 unit cells: magnetic peak at g = (% % L), but no bond
disproportionation (8., < 0.01A)

New phase without bulk analog!

nool on Correlated Boris, EB, et al, Science 332, 937 (2011) Frano, EB, et al PRL 111, 106804 (2013)

Electrons- 2023 Lu, EB, et al PRB 93, 165121 (2016) Bluschke, EB, et al, PRL 118, 207203 (2017)



1. (001) LaNiO5;-DyScO, superlattices

N
— LaNiO,
o
=3
Interface:
(001) plane
DyScO,
2 unit cells « 2 unit cell thick LaNiO;: non-collinear order

below T~100K

« DyScO,: paramagnetic insulator with Dy-Dy
exchange interaction driven magnetic order
below T~3K
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Bulk DyScO,

4f‘3 i - Oo
— a
— J 5!2 E} BH5|’_2 ( ) 1 0_ 3300’ - .-..300
=5 o eda A
(F) ’ £ 300° / ~.60°
11/2 — T 05 7~ N
L=5, §=5/2 =} Hiap ) 3 : :
) J =132 === (7 doublets) ® g :
® S 004 270° 90°
— 6 £ =
= =————  Hw S 5 '
J =15/2 (8 doublets) z 3
o 0.51 L/
(a)el. -el. (b) SL (c) CF ;.- 2 240° /120°
LCB 5 V4
b .- 010
180° [010]
(b)
 Distorted orthorhombic Pbnm structure l_. [100]

« Magnetic moment of 10 u,

« Low symmetry crystal field produces a strong Ising
anisotropy with two inequivalent Ising axes (bc mirror
plane) that alternate from site to site.

S interface
 Ising axes lie 29° from the b axis.
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Holmes, PRB 5, 138 (1972); Holmes, J. Appl. Phys. 39, 1373 (1968); Velleaud, S. S. Commun. 17, 237 (1975).
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Resonant soft x-ray scattering of LaNiO5-DyScO,

D

—e— (2//2)
A (4//4)
1—— (2//4)
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1290 1300
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—
o
|

o
o
1

Dy Mg Intensity (a.u.)

<
o

A8 (%)

« q = (% % %) magnetic reflection at the Dy M. resonance below T, , ~ 10 K
« Magnetic order induced into interfacial layers only.
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Resonant soft x-ray scattering of LaNiO5-DyScO,

20

e DyM, 4K 300°/ o

13 -

=7 7)

180 i 5o
v ) i =3 €T B(E) & x € - i) [P

Best description of ¢ dependence by a collinear antiferromagnetic model
— Dy moments form an ~25° with the b axis.

Close to one out of the two Ising axis in bulk DyScO,
“up zero down zero”
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Feedback to the Ni magnetic order

20
m NiL 4K
A NiL 14K
15 4
_b
— 10_
_l='-
" )
0 I T I T I
0 a0 180

v (°)
Azimuthal dependence for T>T, and T > T, , is different
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Proposed magnetic order

Ting < T < Ty(Ni) T=4K
*[1-10] :
A ls 8 8 8| |60 o —o
02 @104 O o —0— 0
: o 5 58| |00 o
,‘ ‘0’0 .0 =0— Q0 —O—
', N TN ' @ -0~ 0 -0
(b % Cb | A ‘
AR 2 T A
[00-1] no £ 050 9O ° 80:1
[1-10] I_?[Mo]o << A A A 9=

Interaction across the interface generate two inequivalent Ni sites
O gaining energy from Ni-Dy exchange energy
O orientation determined by Ni-Ni exchange (Ni-Dy frustrated)
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Summary & Conclusion

For a future rational design of complex transition-metal oxide
heterostructures it is important to identify and understand interface

reconstruction mechanisms. X-ray spectroscopy provides valuable
insights.

Examples of spin, orbital, charge, and lattice reconstructions in
vanadate and nickelate heterostructures:

> Importance of structural details on electronic instabilities
(orbital order / metal-insulator transition)

» Depth profile of interfacial charge doping depends on
chemistry

» Topotactic anion exchange synthesis offers many new
possibilities.

Create atomic-scale Quantum Materials
with desired properties
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