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Outline
Foreword : From Ni3+ (t26 e1) to Ni+ (t26 e3) perovskite
U  (Hubbard), Wπ,σ (bandwidth), ∆ (charge transfer)

Foreword : Cuprates vs Nickelates

Ni-RE hybridization and Charge Density Wawe ? 

From Perovskite to Ruddelsden-Popper (n=1, 2, 3, …)
networks : towards more 2D frameworks

Towards mixed anions (O, F, S, Se) Nickelates

[AX3] Perovskite,  [A 2X4X’2] K2NiF4
and [A nXm] layers for stacking : Towards new 2D phases  



Band diagram of RNiO 3 (Ni3+-t2
6 e1- A= La, Sm) 

Competitive bonds between R-O and Ni-O : 
(O) pπ orbital for Ni-O <=> (O) p σ orbital for R-O

R size ↓ (acidic character ↑) : Covalency of R-O bond (pσ) ↑
Wπ (Ni-O) ↓

Ni-O-Ni Angle ↓ orbital overlap (σ) ↓ Wσ(Ni-O) ↓

From metallic behavior (LaNiO 3) to semiconducting behavior (SmNiO 3)

σ* EF π

Ni O

U (Hubbard)

Wσ,π
∆

M-O π Bonding

∆ < W < U (Metal)

W < ∆ < U (SC)

Zaanen-Sawatsky-Allen Scheme !



Uion = In+1 - In - e2/dM-M

∆ion = e ∆(VM-O) - A(O-) - In - e2/dM-O

From SC to Metallic
transition

Insulating
behavior

SC
behavior

J. Zaanen, G. Sawatsky and J.W. Allen
Phys.Rev.Lett., 55, 418 (1985)

J.B. Torrance, P. Lacorre and R.M. Metzger
J. Sol. Stat.Chem., 90, 168 (1991)

Competition between M -O charge transfer ∆ion
and Coulomb repulsion U ion (i.e Hubbard energy) energies in oxides : 

a ionic view !

Madelung
potential 
difference 
VM-VO
(P.P EWALD method
Ann.Phys, 64, 253 (1921))

Perovskite

K2NiF4-type structure

Perovskite
and K2NiF4-type 
(perovskite layer)

LaNiO2

LaNiO2 La2CuO4

La2CuO4

La2NiO4

La2NiO4

La2CoO4

LaNiO 2 :
W ≤ U < ∆

Mott-Hubbard SC
U < W < ∆

Low U Metal ?



• Cu3+ α /3d8> + β /3d9L>              α’ / 2p5 3d9>  +  β’ / 2p5 3d10L> 

3d8

3d9L

∆

Fondamental state

2p 3d10L

2p 3d9

-Ucd  + Udd  + ∆

Excited state

satellite

Principal peak

Charge Transfer calculations : Cu 3+ L2,3 edges XAS 

∆ion = e ∆(VM-F) - A(F) - In - e2/dM-F

C. De Nadaï , A. Demourgues et  al. Phys Rev B.63, (2001) 125123, 
only 40% of 3d8 configuration (Cu3+) in K2NaCuIIIF6.



XAS and RIXS (Ni-L 3-edge)

Ni-La and Ni-Nd
Hybridization !

Electronic structure of the parent compound of supe rconducting infinite-layer nickelates 

M. Hepting1†, D. Li1, C. J. Jia1, H. Lu1, E. Paris2, Y. Tseng2, X. Feng1, M. Osada1, E. Been1, Y. Hikita1, Y.
D. Chuang3, Z. Hussain3, K. J. Zhou4, A. Nag4, M. Garcia-Fernandez4, M. Rossi1, H. Y. Huang5, D. J. 
Huang5, Z. X. Shen1, T. Schmitt2, H. Y. Hwang1, B. Moritz1, J. Zaanen6, T. P. Devereaux1, and W. S. Lee1* 



XAS (O-K edge) and DFT+U calculation



Electronic structure of LaNiO 2
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Competition between  f-d transitions 

and Oxygen-RE charge transfer 

in rare earth sesquioxides

Sm2+



Sm0.95Ni+1.15O2

Sm3+ + Ni+ ⇔ Sm2+ + Ni2+

Destablization of Charge Density Wave ?



From (La1.6Sr0.4)Ni+2.6O4.1 (RP n=1, I4/mmm) to
(La1.6Sr0.4)Ni+1.34O3.47 (Immm)

Observed in Sr2CuO3, Ba2CuO3.3, 
Physica C, 1988, 152, 39

From (LaSr)Ni+3O4 (RP n=1, I4/mmm) to
(LaSr)Ni+1.2O3.1 (Immm)

M. Crespin et al, JSSC, 1990, 84, 165-170
M. Crespin et al. JSSC, 1992, 100, 281-291
R.T. Needs and M.T. Weller J.Chem.Soc, Chem.Comm, 1995, 353-354

From K2NiF4 (RP, n=1, I4/mmm) to
P4/nmm (O/F ordering) 

P

P

RS



V.V. Poltavets,  ..,and  M. Greenblatt
J.A.C.S, 2006, 128, 9050-9051

4pπ d9 and
d10L states

Residual Stress :
4 Shorter La(2)-O(1) bond distance (acidic)

→ Competitive bonds effects leading
to four longer La(2)-O(2) one’s !

8 equal La(1)-O(2) bonds in cubic site

O(1)

O(1)



V.V. Poltavets,  ..,and  M. Greenblatt
Inorg.Chem, 2007, 47, 10887-10891

Decrease of 4pπ(d9) and (d10L) states pre-edge
in La4Ni+1.33

3O8 (more 3D) vs La3Ni1.5+
2O6 (more 2D).



RP , n=3  => 2 SrTiO3 + LaSrNiO3
=> Sr3LaTi2NiO8

RP , n=4  => 3 SrTiO3 + LaSrNiO3
=> Sr4LaTi3NiO12



From La2NiO4+x (I4/mmm) to La2NiO3F2 (PVDF treatment, Cccm),
then La2NiO3F (NaH reduction, I4/mmm, T’ = Nd2CuO4) 

Wissel, K.;  Heldt, J.;  Groszewicz, P. B.;  Dasgupta, S.;  Breitzke, H.;  Donzelli, M.;  Waidha, A. I.;  Fortes, A. D.;  Rohrer, J.;  Slater, P. R.;  
Buntkowsky, G.; Clemens, O., Topochemical Fluorination of La2NiO4+d: Unprecedented Ordering of Oxide and Fluoride Ions in La2NiO3F2. Inorg. 
Chem. 2018, 57 (11), 6549-6560.



Rare earth fluorosulfides : structural features

Tetragonal P4/nmm (La → Er, Y)
Cell parameters : a ≈ 4 Å, c ≈ 7 Å



Building principle of 2D oxyfluorochalcogenides (20 02)

Perovskite layers
(conductive sheets)

+

Fluorite/
Anti-Fluorite 

Blocks 
or

Rocksalt sheet
(ionic blocks)

D. Pauwels et al .Solid State Sciences
(2002), 11-12,1471-1479.  

D. Pauwels et al .Chem Mater.
(2006),18, 6121-6131



La2NiO3F� 2

LaSrNiO2F2 2

La2NiO3F2

Single 
or double 

anions 
sheets ?

F-



Aurivillius phases : [Bi2O2]2+[An-1BnO3n+1]2-

From Oh to D4h (Ni3+/Ni2+) : [Bi2O2]2+[An-1BnO2n+2]2- = (n=3) Bi4Ni32.66+O10 ?



Pauling electronegativity χ

1929 (Rules), 1954 (Nobel Prize),

1962 (Nobel peace prize)



Hard-Soft Acid-Base (HSAB ) theory
Ralph Pearson (1960)

Hard acid : H+(1s0), Ti4+(3d0), 
K+, Ba2+, La3+

Soft acid : Fe2+(3d6),  Cu+(3d10), Ni+(3d9)

Soft base : H-(1s2), S2-, I-, 
SO4

2-, CO3
2-

Hard base : F-, O2-, OH-, Cl-, NH3

Hard-Hard or Soft-Soft AB react faster leading to stronger bonds ! 

Energy



[Perovskite layers] 

[5] NiO 5

+ 
[AntiFluorite sheets]

[4] CuSe 4

[9] (Nd/Sr)O 9

[4] (Nd/Sr)O 4Se

[Td] : SeCu4

[Oh] x 2: ONi2Sr/Nd4 ,
[Oh] : ONiSr/Nd5

(NdSr)Ni+,2+Cu2+,+O3(S,Se) ?

Sr2FeCu0.9O3Se
[Sr 2Ga3+Cu+O3S]

Ni+/Cu2+ or
Ni2+/Cu+ ?

Electrostatic valence
(Pauling) : 

Se(-1) + 2O (-1.91) +
O (-2.9) = - 7.72 < 8

Electrostatic valence
(Pauling) : 

Se(-2) + 2O (-1.51) +
O (-2.7) = - 7.72 < 8

D. Berthebaud et al. 
Sol. Stat. Sci. 2014, 36, 94-100

P4/nmm
p-type (Cu+)-SC + AFM (TN>300K)



z

x y

A
X

2H polytype
Chains of face sharing octahedra 3C polytype

3D corner sharing octahedra

AX3 a layer

AX3 a layer

AX3 a layer

AX3 a layer

AX3 b layer

AX3 c layer

AX3 b layer

Relationship between the 
cubic and hexagonal unit 
cells. z axis corresponds 
to[111]p

AX3 layer

3C polytype

LaNiO3

BaNiO3

LaNiO 3

Ni3+ (t2
6e1)

Ni4+ (t2
6e0)

AX3 stacking and Perovskite network



[AX3] layer                     [AX2] layer                          [AX] layer                       [A2X] layer

Various [AnXm] layers for stacking  

La(Ni)O2X

[La2(Ni)O2X4]3+[NaO2]3-

[Sr2(Ni)O2X2]+[NaO]-

[NaSr(Ni)O2X4]0[Na2O]0

K2NIF4 = La2NiO4 = Closed Stacking of La 2O4 [X]2 layers



Conclusions
Low U-Hubbard energy ( ∼6 eV) Ni+ (t2

6 e3) perovskite
Wπ,σ (Bandwidth)  ∼ U < ∆ (CT,O-Ni), Mott-Hubbard ?

Ni vs Cu : Lower O→ Ni ∆-CT, Stronger Ni-RE Hybridization

Destablization of CDW in Sm1-x/3 x/3Ni1+xO3 ? 

From Perovskite to Ruddelsden-Popper (n=1, 2, 3, …)
networks : (LaSr)Ni 1.2+O3.1, La4Ni31.33+O8, Sr4LaTi 3Ni1+O12 ?

Towards mixed anions (O, F, S, Se) Nickelates :
La2NiO3F, (NdSr)NiCuO 3(S, Se) ?

[AX3] Perovskite,  [A 2X4X’2] K2NiF4
and [A nXm] layers for stacking : Towards new 2D phases  


