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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)

III. 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, ...

• facile chemical substitution 

• Flexible and comparatively simple structure

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

→ Building blocks of our heterostructures

Transition Metal Compounds. D. Khomskii. Cambridge University Press, 2014

Orbital

Charge
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Spin

LatticeA
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Two prototypical correlated material systems

Green & Sawatzky, Lecture Notes of the Autumn School on Correlated Electrons, Jülich, 6 (2016)

Vanadates RVO3 (3d2)

Nickelates RNiO3 (3d7)

V3+ or Ni3+

3d

eg3d

t2g
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Rational design

(i) Create unique 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 ABO3 compounds 
through targeted realization of interface 
reconstructions

Substrate

ABO3
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Growth of oxide heterostructures

Pulsed laser deposition Molecular beam epitaxy

unit cell precision

ABO3

atomic layer precision

BO2

AO

BO2

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

MBEPLD
In collaboration with G. 

Logvenov’s group at 
MPI-FKF
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Epitaxial strain – structural modifications

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

Substrate

compressive

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!

Film
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Epitaxial strain – structural modifications

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

Substrate

tensile

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!

Film
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Epitaxial strain – structural modifications

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

Substrate

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!

Film
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Lattice, charge, orbital, and magnetic reconstructions

e-

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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X-rays

Wikipedia

... but was buried in the family grave 
in the old cemetery in Gießen

Wilhelm Conrad Röntgen
*1845 in Lennep

† 1923 in München
Range Energy Wavelength

Soft 30 – 1500 eV 413 – 8.3 Å

Tender 1500 – 7500 eV 8.3 – 1.7 Å

Hard 8 keV – 60 keV 1.7 – 0.2 Å
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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 𝜌 and thickness 𝑑.

Absorption cross section:

with 𝑛: density of targeted particles

Attenuation Length Τ𝟏 𝝁 :  “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”

𝐼 = 𝐼0𝑒
−𝜇𝜌𝑑

𝜎𝑎𝑏𝑠 𝐸 =
𝜇(𝐸)

𝑛

𝝁 = 𝝁(𝑬) → In x-ray spectroscopy we require highly brilliant, polarized, x-rays with tunable energy
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Synchrotrons around the world

From Xu et al. Materials Today Physics, Volume 6 (2018)

BESSY II 
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Soft x-ray beamlines

BESSY II www.helmholtz-berlin.de

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

UE46-PGM1 beamline @ 
BESSY Berlin, Germany

UE56/2-PGM1 
beamline @ 
BESSY Berlin,           
+ MPI UHV 
magnetic 
reflectometer

BOREAS beamline 
@ ALBA Barcelona,      
Spain

REIXS beamline @ CLS 
Saskatoon, Canada
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UHV reflectometer

• 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)

Brück et al., Rev. Sci Instrum. 79, 083109 (2008)
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Absorption and Scattering

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

Total cross section:

𝜎 =
𝑊

𝜙0
=

2𝜋

ℏ𝜙0
𝑓 𝐻𝑖𝑛𝑡 𝑖 + ෍

𝑛

𝑓 𝐻𝑖𝑛𝑡 𝑛 𝑛 𝐻𝑖𝑛𝑡 𝑖

𝐸𝑖 − 𝐸𝑛
𝛿(𝐸𝑖 − 𝐸𝑓)

𝑛: intermediate (virtual) state

σ𝑛 : over all possible intermediate states with 𝐸𝑛

energy conservation; | ۧ𝑛 virtual 
state, i.e. no energy 
conservation required, i.e. does 
not appear in 𝛿(… )
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Interaction Hamiltonian

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

෡A(𝒓𝒌, 𝒕) ∝ σ𝑖,𝑘
1

𝑘
ℰ𝑖 𝑎𝑘,𝑖 𝑡 𝑒

𝑖𝑘𝑟 + 𝑎𝑘,𝑖
† 𝑡 𝑒−𝑖𝑘𝑟

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

𝐻𝑖𝑛𝑡 ∝ 𝒑 ⋅ ෡A + ෡A ⋅ ෡A

0, ±2 photons

Resonant inelastic x-ray scattering (ℏ𝜔1 ≠ ℏ𝜔2, RIXS): 
dynamics of low energy excitations

Resonant x-ray diffraction 
(ℏ𝜔1 = ℏ𝜔2, REXS): ordered 

electronic/magnetic structure

2p3/2

2p1/2

3d

| ۧ𝑖

| ۧ𝑓

2p3/2

2p1/2

3d ℏ𝝎𝒇

emission
ℏ𝝎𝒊

absorption

| ۧ𝑖 , | ۧ𝑓

| ۧ𝑛

Vector potential of radiation field



School on Correlated

Electrons- 2023

Scattering factor

F 𝐸, 𝒒 = 𝑓0 𝒒 + 𝑓𝑚𝑎𝑔
𝑛𝑜𝑛−𝑟𝑒𝑠 + 𝑓𝑟𝑒𝑠

′ E + 𝑖𝑓𝑟𝑒𝑠
′′ (E)

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

𝐼𝑋𝐴𝑆 ∝ −
1

𝐸
𝐼𝑚 𝐹 𝐸 = 𝑓𝑟𝑒𝑠

′′ (E)

Optical theorem

energy-dependent 
anomalous dispersion corrections
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X-ray absorption spectroscopy

2p3/2

2p1/2

3d

| ۧ𝑖

| ۧ𝑓
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Fermi’s golden rule (dipole approximation)

𝐼𝑋𝐴𝑆 =
2𝜋

ℏ
෍

𝑓

𝑓 Ƹ𝜀 ∙ 𝒓 𝑖 2 ∙ 𝛿 𝐸𝑖 − 𝐸𝑓 − ℏ𝜔

Electric dipole 
selection rules: 
∆𝑙 = 1, ∆𝑚 = ±1
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A measured spectrum over a wide energy range
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100

101

D
ra

in
 c

u
rr

e
n
t

Energy (eV)

1

Overall decease of 𝝁 𝑬 with ~1/𝐸31

2

2
Absorption edges: Element sensitivity & 
valence state

3

3
Near Edge X-ray Absorption Fine Structure 
(NEXAFS) also X-ray Absorption Near-Edge 
Structure (XANES): crystal field, spin & orbital

4

4
Extended X-ray Absorption Fine Structure: 
local atomic distances (not in this lecture)

General features of the spectrum:
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Soft XAS

Several important absorption edges 
in the soft x-ray range:

C, N, O, F 𝐾-edges
3d metal 𝐿2,3-edges

4f rare-earth 𝑀4,5- edges

https://xdb.lbl.gov
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XAS fine structure of 3d transition metal oxides

M. Haverkort, PhD thesis, University of Cologne (2005)

L3

L2
2p3/2

2p1/2

3d

L3

L2

2p  3d

L3 – L2 splitting increases 
with increasing spin-orbit 
splitting in the 2p core level
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Fe 

r = 7.874 g/cm3

XAS measurement on solid state materials

http://henke.lbl.gov

1 µm

Attenuation length in soft x-ray 
range below ~ 1 µm

Transmission measurements only 
possible on ultrathin films / powders 
on transparent membranes, but for 
many bulk samples transmission 
measurements are not possible
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How to measure XAS on bulk samples?

The decay products of the absorption 
process are used to estimate the 
absorption!

I. Emission of a fluorescence photons 
 Fluorescence yield (FY)

II. Auger decay, followed by secondary 
processes that emit electrons, 
measure drain current                       
 Total electron yield (TEY)

𝒒

𝒌𝒊𝒏

𝒌𝒐𝒖𝒕

𝜋

𝜎

𝜋′

𝜎′

sample

scattering plane

A

FY

TEY

REXS
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Total electron yield versus fluorescence yield
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XAS of a LaNiO3-LaAlO3 superlattice

TFY

La-M5

La-M4

Ni-L3 Ni-L2

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

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 
less than 5 nm, but can vary strongly.

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)

top layer
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Description of the spectra depends on ۧ|𝑓

... 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 ...

1s

4p

ۧ|𝑓

ۧ|𝑖

K-edges

2p3/2

2p1/2

3d8

ۧ|𝑓

ۧ|𝑖

TM L3,2-edges

3d5/

23d3/2

4f
ۧ|𝑓

ۧ|𝑖

Rare-earth M-edges

Band excitations Resonances Excitons
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Description of the spectra

1s

4p

ۧ|𝑓

ۧ|𝑖

K-edges

2p3/2

2p1/2

3d8

ۧ|𝑓

ۧ|𝑖

TM L3,2-edges

3d5/2

3d3/2

4f
ۧ|𝑓

ۧ|𝑖

Rare-earth M-edges

Methods used to describe spectra

• LDA(+U)

• Configuration interaction cluster calculations /double cluster

• Ligand-field parameters from DFT+U

• ...

Zaanen et al. PRB 40 (1989)
Thole et al., PRB 32, 5107 (1985)

F. de Groot, Coord. Chem. Rev. 249, 31-63 (2005)
G. van der Laan PRB 33, 4253 (1986)

M. Haverkort et al., PRB 85, 165113 (2012)
R. Green et al., PRB 94, 195127 (2016)
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XAS fine structure – Valence state & crystal field parameter

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)

V2+

V3+

V4+

V5+
V L edge

3d8

eg

t2g

10Dq
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M. Haverkort et al., PRB 85, 165113 (2012) 

Ligand-field cluster calculations of transition metal L3,2 edges
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X-ray dichroism

2p3/2

2p1/2

3d
p

s
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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

antiferromagnetic

Stöhr, J. Mag. and Mag. Mat.,  200, 470 (1999), Pesquera et al., Nat. Comm, 3, 1189 (2012) 

Crystal field Ferromagnet

Optical theorem:
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X-ray linear dichroism (XLD) 

Chen et al., PRB 68, 2543 (1992)

Natural linear dichroism (crystal field)

Cu2+

3d9

x2-y2

3z2-r2

1 hole
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• Excitation from a 𝑠 orbital to a 𝑝 orbital. 

• Three different 𝑝 orbitals (𝑝𝑥, 𝑝𝑦, and 𝑝𝑧) as 

final states.

• If we use 𝑧 polarized light then the intensity 
for an excitation to an 𝑝𝑥 orbital is 
proportional to the square 𝒔 𝒛 𝒑𝒙

• Since 𝑠 is even in 𝑧, 𝑧 is odd in 𝑧 and 𝑝𝑥 is 
again even in 𝑧, the total integrant is odd in 𝑧

• The integral over an odd function is zero

 With 𝑧 polarized light one can only excite an 𝑠
orbital to the 𝑝𝑧 orbital.

Linear dichroism

2p

𝑝𝑥 , 𝑝𝑦

𝑠

1s

𝑧 pol.
𝑧 pol.

𝑝𝑧
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Sum rules for linear dichroism

For 3d electron systems with fully filled 𝑡2𝑔 and partially 

filled 𝑒𝑔 orbitals, the sum rules simplify, and we can 

directly relate the ratio of 𝑒𝑔 holes to the integrated XAS 

intensities for in-plane (𝐼𝑥,𝑦) and out-of-plane (𝐼𝑧) 

polarization:

Since for 𝑡2𝑔-systems the 𝑒𝑔-orbitals have finite hole 

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

3d

eg

3d

t2g

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

2p3/2

2p1/2

3d

ℏ𝝎𝟏

emission

ℏ𝝎𝟏

absorption
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Resonant x-ray diffraction

F 𝐸, 𝒒 = 𝑓0 𝒒 + 𝑓𝑚𝑎𝑔
𝑛𝑜𝑛−𝑟𝑒𝑠 + 𝑓𝑟𝑒𝑠

′ E + 𝑖𝑓𝑟𝑒𝑠
′′ (E)

X-ray scattering factor/tensor

Fermi’s golden rule (second order perturbation)

sum over all (virtual) intermediate states

𝐼𝑠𝑐𝑎𝑡
𝑟𝑒𝑠 ∝ F 𝐸 2 ∝ 𝑘2෍

𝑛

𝑖 Ƹ𝜀 ∙ 𝒓 𝑛 𝑛 Ƹ𝜀′ ∙ 𝒓 𝑖

𝐸𝑛 − 𝐸𝑖 − ℏ𝜔 − 𝑖 ൗΓ𝑛 2

2

𝐼𝑋𝐴𝑆 ∝ −
1

𝐸
𝐼𝑚 𝐹 𝐸 = 𝑓𝑟𝑒𝑠

′′ (E)

Optical theorem

Polarisation dependence
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Resonant x-ray scattering/reflectometry

EB et al, Phys. Status Solidi B, 2100253 (2022)
Fink et al., Rep. Prog. Phys. 76, 056502 (2013)

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

• Elastic scattering (ℏ𝜔1 = ℏ𝜔2)

• 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 

2p3/2

2p1/2

3d

ℏ𝝎𝟏

emission

ℏ𝝎𝟏

absorption

𝝈−

𝝈+

𝜋

𝜎
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Scan types

A. /2 (l) scan: scan along fixed direction defined 
by q

B.  scan ( scan; rocking curve): scan 
perpendicular to q

C. azimuth () scan: turning the sample around  → 
vary projection onto polarization vectors

D. constant-q energy scan: scanning E across the 
resonance while keeping q-transfer constant.
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/2 scan at low angles (x-ray reflectivity)

A. /2 scan: scan along fixed direction defined by q

B.  scan (rocking curve): scan perpendicular to q

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

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

 Charge, elemental, magnetic profile

Hamann-Borrero et al., npj Quantum Materials (2016) 1, 16013
Macke et al, Adv. Mater. 26, 6554–6559, October 15, 2014

A.
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Rocking scan, for example of the AFM Bragg peak in RNiO3

A. /2 scan: scan along fixed direction defined by q

B.  scan (rocking curve): scan perpendicular to q

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

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

 Information on ordering vector

Frano et al., PRL 111, 106804 (2013)

B.

𝒒𝒎𝒂𝒈 = ( Τ𝟏 𝟒 Τ𝟏 𝟒 Τ𝟏 𝟒)
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Azimuthal scan, around the magnetic Bragg peak

A. /2 scan: scan along fixed direction 
defined by q

B.  scan (rocking curve): scan perpendicular 
to q

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

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

 Moment directions and amplitudes

Hepting et al., Nat. Phys. (2018)

non-collinear

versus collinear

C.
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Energy scan

A. /2 scan: scan along fixed 
direction defined by q

B.  scan (rocking curve): scan 
perpendicular to q

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

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

 Information of contributions from 
different elements and sites

Frano et al., PRL 111, 106804 (2013); Hepting, Nat. Phys. (2018),
Lu et al, PRB 93, 165121 (2016) 

D.
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Resonant reflectivity (“low-angle” specular scattering)

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

with optical constants  and 

with the real and imaginary part f’, f’’ of the scattering factor (forward scattering q  0) 
and r the electron density and r0 the Thompson scattering amplitude.

material 2 𝛿2, 𝛽2

substrate 𝛿𝑠𝑢𝑏, 𝛽𝑠𝑢𝑏

material 1 𝛿1, 𝛽1

𝜃

𝒒𝑧

𝜃
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Structural parameters
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Energy dependent anomalous dispersion corrections

• Very strong intensity variations across the 
resonances not captured by theoretical 
values

• Usually the resonance lines are measured 
by XAS, than scaled to tabulated values 
of 𝑓’’

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

• The anomalies across the resonances in 𝑓’
extend over a wider energy range.

http://physics.nist.gov/PhysRefData/ or http://henke.lbl.gov/optical_constants/
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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

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

TEM
(La2CuO4)m /LaO/(LaNiO3)n hybrid structures

4 layers

LaNiO3

m layers

La2CuO4

(LaO)+

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

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

DFT+U
(Pentcheva & Geisler, University of Duisburg):                      

Additional charge is predominantly 
accommodated in the interfacial nickelate layers

Zhou , PRL 84, 526 (2000); Wrobel et al. Phys. Rev. Materials 2, 035001 (2018) ;                                                               
P. Kaya et al. ACS Appl. Mater. Interfaces (2018)  

Cu-L

Ni-L

Signatures of a Ni2+ and Ni3+ mixture

Characteristic of Cu2+

X-ray absorption
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Metal-insulator transition

DFT+U: charge disproportionation 

in the interfacial nickelate layers

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

Experiment: LaNiO3 layer thickness 

dependent in-plane electronic transport
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Orbital reflectometry of nickelate and vanadate superlattices

Padma
Radhakrishnan

Central Interface

Radhakrishnan, EB et al. PRB 104, L121102 (2021), PRB 105, 165117 (2022)

Meng Wu
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How to measure layer-resolved orbital occupations?

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

• XAS: quantitative information via the sum rules

• Reflectivity allows to determine layer-resolved orbital polarization profiles

7% 

7% 

4% 

4% 

Ni-3d

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

Layer-resolved orbital polarizations in LaNiO3 superlattices

𝐹(002) ∝ 1 − 𝑖 𝒇𝑩 − 𝒇𝑨
𝐿𝑁𝑂

qz

p

s

LaNiO3

4 unit 

cells

A

B

B

A

Band 

insulator

Band 

insulator

Resonant x-ray reflectometry of a symmetric superlattice:
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Orbital reflectometry LaNiO3-LaAlO3 SL

XAS

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

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)

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

• Compare normalized difference spectra with 
simulations

• Vary parameter  that defines the degree to which 
the orbital polarization of the A and B sub-layers 
differ (XAS average polarization fixed)
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Best fit:  = 0.3 
Interface layers B:     (7±3)% more x2-y2 occupation

Central layers A:        (4±1)% more x2-y2 occupation
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Simulation of the energy dependent scattering

Experiment Simulation
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Orbital polarisation versus in-plane lattice constant

• Strain is the most effective control 
parameter.

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

• Up to 25% x2-y2 polarisation, but more 
is difficult to archive.

compressive tensile

EB et al., Nat. Mat. 10 , 189 (2011); Wu, EB et al., PRB 88, 125124 (2013), PRB 91, 195130 (2015)

RXO

RXO

L
N

O

B

RXO
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Motivation to study YVO3 superlattices

Orbital occupations determine electronic structure and magnetic  
superexchange interactions:

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

 t2g systems: Less explored and couple less to the lattice
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• Strongly correlated Mott-Hubbard 
insulator (no MIT)

• Crystal-field + superexchange dominate

Interplay of spin, orbital and lattice degrees 
of freedom results in unique orbital and spin 
ordering patterns

Vanadates RVO3 (3d2)

3d

t2g

Green & Sawatzky, Lecture Notes of the Autumn School on Correlated Electrons, Jülich, 6 (2016)

Rare-earth vanadates (RVO3, R = Y, La-Lu)
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Orthorhombic crystal structure
Electronic structure

Rare-earth vanadates (RVO3)

Pbnm
unit cell

Cubic unit cell

𝑎𝑜

𝑏𝑜

𝑐𝑜

Oh D2h

V3+: 3d2

t2g

eg

OR
yz

xz

xy

xz

yz

xy

Two competing orbital ordered phases
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G. Khaliullin, Prog. Theor. Phys. 160, (2005) 
S. Miyasaka, et.al, PRBB 68, 100406(R) (2003)

Hamiltonian

=   Superexchange    +   Lattice effects

favors 
G-OO/C-SO

favors 
C-OO/G-SO

RVO3
Lu

La

TOO

TN

TS

C-OO
G-SO

G-OO
C-SO

G-OO

Heterostructures of member at phase boundary: YVO3

Explore possible changes induced by heteroeptaxy

YVO3

Phase diagram of rare-earth vanadates

300K

Lecture by A. Oleś
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Scanning transmission electron microscopy

YVO

LAO

V3+ oxidation state throughout the layer stacks

ba c d

EELS line scans  V L-edgeXAS V L-edge

Radhakrishnan, EB et al. PRB 104, L121102 (2021), PRB 105, 165117 (2022)
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Design of the superlattice geometry

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

YVO

LAO

(4/8) u.c. x 6

fIF

fC

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

F 002 ∝ 𝑓𝐼𝐹 − 𝑓𝐶F 003F 003

Three YVO3/LaAlO3 Superlattices on NdGaO3 (110)
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Resonant reflectometry measurements

Q-dependent reflectivity

At V-L edge

002

001

003QSL

𝝅 𝑸

σ

Polarized E-dependent reflectivity

Fit to get depth-dependent 
structural information

Dichroism

Simulate to get depth-dependent electronic information

001 002 003
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Simulating reflectivity – Example 4/8 superlattice

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

𝑁 = (1 + 𝛿) + 𝑖𝛽 = 𝜖
Kramers-Kronig

Complex refractive index

Measured Polarized XAS

Q

in1

out

in2

ki kf

𝜖𝑖𝑛1 0 0
0 𝜖𝑖𝑛2 0
0 0 𝜖𝑜𝑢𝑡

IF
C
IF

(4/8) 

LAO

YVO

XLDaverage =  XLDInterface +  XLDcentral

Test different models

Vary parameters:

𝛼𝑥, 𝛼𝑦 , 𝛼𝑧: modulation

and 𝑓: total dichroism
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Layer-resolved linear dichroism

Central (all SLs)

Interface

xzV 3d2

eg

t2g

xy

yz

Bulk Superlattice

Central Interface

 xz and yz average degeneracy lifted in SL unlike bulk

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

 xy occupation depends on number of YVO3 layers
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Qualitative understanding

Central layers: Epitaxial strain

Tensile strain, but 
longer out-of-plane 
parameter                
(negative Poisson ratio)

Longer out-of-plane axis  increase xz occupation

Interface layers : Confinement

Confinement  increase yz occupation

Reduced 
hopping

xzyz

CentralBulk

xzyz

Bulk
Interface

Radhakrishnan, EB et al. PRB 104, L121102 (2021), PRB 105, 165117 (2022)
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Noncollinear magnetic order in nickel oxide heterostructures

Bluschke, EB et al. PRL 118, 207203 (2017)

Martin 
Bluschke

Yi Lu Matthias 
Hepting

Alex Frano
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Resonant magnetic scattering of LaNiO3–LaAlO3 superlattices

LaNiO3 slabs  2 unit cells: magnetic peak at q = (¼ ¼ L), but no bond 
disproportionation (Ni-O  0.01Å)

New phase without bulk analog!

Boris, EB , et al, Science 332, 937 (2011)  Frano, EB, et al PRL 111, 106804 (2013)
Lu , EB, et al PRB 93, 165121 (2016) Bluschke, EB, et al, PRL 118, 207203 (2017)

q = (¼ ¼ L) 

2 unit 

cells

3 unit 

cells
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II. (001) LaNiO3-DyScO3 superlattices

• 2 unit cell thick LaNiO3: non-collinear order 
below T~100K

• DyScO3: paramagnetic insulator with Dy-Dy
exchange interaction driven magnetic order 
below T~3K

2 unit cells
[0

0
1
]

Interface:

(001) plane

Ke et al., APL 94, 152503 (2009)

DyScO3

LaNiO3
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Bulk DyScO3

• Distorted orthorhombic Pbnm structure 

• Magnetic moment of 10 µB

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

• Ising axes lie 29° from the b axis.

Holmes, PRB 5, 138 (1972); Holmes,  J. Appl. Phys. 39, 1373 (1968); Velleaud, S. S. Commun. 17, 237 (1975).

interface
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Resonant soft x-ray scattering of LaNiO3-DyScO3

• q = (¼ ¼ ¼) magnetic reflection at the Dy M5 resonance below Tind ~ 10 K

• Magnetic order induced into interfacial layers only. 

Bluschke, EB et al., PRL 118, 207203 (2017)
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Resonant soft x-ray scattering of LaNiO3-DyScO3

• 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 DyScO3

• “up zero down zero”

Bluschke, EB et al., PRL 118, 207203 (2017)
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Feedback to the Ni magnetic order

Azimuthal dependence for T > T ind and T > Tind is different

Bluschke, EB et al., PRL 118, 207203 (2017)
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Proposed magnetic order

Interaction across the interface generate two inequivalent Ni sites 

gaining energy from Ni-Dy exchange energy

orientation determined by Ni-Ni exchange (Ni-Dy frustrated) 

Bluschke, EB et al., PRL 118, 207203 (2017)
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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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