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amplified spontaneous emission (ASE)
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anti–anti coordination mode 79, 82,
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anti-ferroelectric (AFE) 63, 65
anti-ferroelectricity 174–176
anti-ferroelectric ordering 12, 91, 123
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A-site organic amine cations 7, 10, 12,
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132–134, 152, 155, 156, 164, 165,
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Au-based dicyanometallates 221
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[AZE][Zn(HCOO)3] 103, 133
azide HOIPs 154

amine cations 152
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hydrogen-bonds 155
manganese family 154, 155
monovalent and trivalent metals
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non-aqueous solvent 151
phase transitions 152, 153

lattice dynamics calculations
161

differential scanning calorimetry
159

high temperature (HT) phase
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low temperature (LT) phase
157–164

RUS 160
[TMA][Mn(N3)3] 157
vibrational entropy change 157

physical properties 152, 153
anti-ferroelectricity 174–176
dielectricity 167–174
ferroelectricity 174–176
magnetism 164–167
mechanical properties 177–178
thermal expansion 176–177

shape and configuration 152–153
TMA templated compounds 152
tolerance factor (TF) 152
TrMA 152

b
barocaloric effects 7, 72, 141, 143,

183, 185, 188, 195, 196
benzyltributylammonium (BTBA)
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Hybrid Organic-Inorganic Perovskites, First Edition.
Wei Li, Alessandro Stroppa, Zhe-Ming Wang, and Song Gao.
© 2020 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2020 by Wiley-VCH Verlag GmbH & Co. KGaA.



272 Index

Boltzmann equation 64, 185, 237
borohydrideperovskites 223
B-site metal effect 134

c
cadmium compound, [TMA][Cd(N3)3]

167
caloric effects 71–73, 139–145, 195

dicyanamide 195–196
[(CD3)2ND2][Co(DCOO)3] 106, 107,
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[CF3CH2PH3][Mn(HCOO)3] 113
2-chloroanthraquinone 103
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Clausius–Clapeyron equation 141,

142, 186, 188
cobalt formate perovskites 100
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crystal field splitting energy (CFSE)
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cyanide perovskites

crystal structures 202
imidazole 200
phase transitions 204–210

dielectricity 211–215
ferroelectricity 215–217
second-harmonic generation 211

organic amine cations 200
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d
[DABCOH2][K(BF4)3] 248
[DABCOH2][(NH4)(BF4)3] 249
[DABCO][K(ClO4)3]

atomic structures 240
cell volume 240
DFT calculations 245
elastic properties 240, 241
framework structure 241
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X-ray diffraction 240

K–J equation 245
linear compressibility 240
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shear moduli 242
Young’s modulus 242
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deuterated cobalt formate
[(CD3)2ND2][Co(DCOO)3]
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dicyanamide (dca) perovskites
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phase transitions 185–188
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caloric effects 195–196
dielectricity 188–190
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second-harmonic generation
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thermal expansion 193–195
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synthesis, structures 219–222

dielectricity 7, 12, 102–103, 185
azide perovskites
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[TMA][Cd(N3)3] 167
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direct bandgap 29, 31, 32, 59, 254
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Dresselhaus effect 65
Dzyaloshinskii–Moriya interactions
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[EA]2[NaAl(HCOO)6] 81, 84
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formates 81
electric-magneto-optical Kerr effect
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electrocaloric effect 72, 268
electroluminescence 55–58
electron spin resonance (ESR) 120
electron–hole pair 34, 35
external quantum efficiency (EQE) 38,
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f
Fabry–Pérot (FB) modes 51
[FA][M(HCOO)3] 81
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Fermi level 29
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ferroelectric (FE) 19, 63
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cyanide 215–217
ferroelectric ordering 91
ferro-orbital ordering 108
ferrous formate perovskites 100
formamidinium (FA) 15, 19, 21, 22,

24, 25, 79, 81
format-based perovskites 79
FP cavities 52
frequency dependent dielectric

permitivities 107
FWHM 52, 54

g
Glazer notation 25, 28, 219
Goldschmidt tolerance factors 7, 15,
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group theory analysis 24, 110, 115,
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[GUA][MII(HCOO)3] 97
[GUA][M(HCOO)3] 81, 89, 90, 96,

134
[GUA][Mg(HCOO)3] 86, 89
[GUA][Mn(HCOO)3] 86, 100, 113,

123, 129–132, 134, 139, 225, 227,
231

[GUA][Mn(H2POO)3] 225, 227, 229,
231, 233
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h
halide HOIPs 16, 17, 19–22, 24–26,
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[HAZ][Mn(HCOO)3] 80, 83, 100,
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[HAZ]2[NaAl(HCOO)6] 80, 83
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[HAZ]x[NH3OH]1−x[Zn(HCOO)3]
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[HAZ][Zn(HCOO)3] 80, 83
highly polarizable perovskite oxide

relaxors 102
hinge-strut model 137–139
[HIM]2[KCo(CN)6] 200, 205, 212
[HIM]2[KFe(CN)6] 200

crystal structures 204
dielectricity 212

[HIM][M(HCOO)3] 82
[HIM][Mg(HCOO)3] 86, 89
[HIM][Mn(HCOO)3] 82, 86, 93
[HPZ][K(ClO4)3] 236–238, 243
hybrid borohydride perovskite 223
hybrid formate perovskites

caloric effects 139–145
dielectricity 102–105
ferroelasticity 114–118
ferroelectricity 105–113
magnetism 94–102

mechanical properties 125–134
multiferroicity 118–125
order-disorder 91–94
phase transitions 91–94
symmetries and structures 83–91
synthesis and chemical diversity

79–82
thermal expansion 134–139

hybrid halide perovskites
bandgap structures 29–32
caloric effects 71–73
chemical diversity 15, 19
ferroelectricity 63–66
laser physics 49–54
light-emitting diodes 54–59
mechanical properties 66–70
other properties and applications

73
phase transitions 24–28
photodetectors 59–62
photovoltaics 32–49
Rashba effect 63–66
semiconductivity 29–32
symmetries and structures 19–24
synthesis 15–19
thermal conductivity 70–71
transport properties 32–49

hybrid improper ferroelectricity 110,
112

hybrid organic–inorganic perchlorates
ABX3-type structures 235
chemical variability 236
hydrogen-bonds 237
organic diamine cations 235, 237
phase transitions 236, 237
physical properties 236

dielectric properties 243
mechanical properties 240

structures 236
hybrid organic–inorganic perovskites

(HOIPs)
chemical variations 4, 5
classification 4, 5
cyanide 201
dicyanamide 183
dicyanometallate 220
hypophosphite 227



Index 275

phase transitions 10, 12
tolerance factor 7, 10

hybrid organic–inorganic
tetrafluoroborates

[DABCO][K(BF4)3] 246, 247
[MDABCO][(NH4)(BF4)3] 246, 247
molecular structures 246
organic diamine cations 246
phase transitions 246, 247
physical properties 246–249
[PIP][Na(BF4)3] 246–248
structures 246, 247

hydrogen-bonded [AZE][Mn(HCOO)3]
139

hydrostatic compression 68, 72, 73,
186, 240

hydrostatic stress 68, 70, 72, 265
hydrothermal method 16, 18, 81
hypophosphite perovskites

magnetism 231–233
mechanical properties 231
phase transitions 229–230
symmetries and structures 227–229
synthesis 225–227

i
impedance spectroscopy 64
Imma structure 110, 111
incident photon-to-current quantum

conversion efficiency (IPCE)
36

isolated single-ion quantum magnetism
101, 102

isomorphous metal–formate
perovskites 125

isostructural [DMA][Fe(HCOO)3]
120

isostructural [DMA]Mn(HCOO)3]
123

j
Jahn–Teller active [GUA][Cu(HCOO)3]

126
Jahn–Teller anti-ferrodistortions 121
Jahn–Teller perovskite oxides 117
Jahn–Teller effect 89, 94–98

k
KCo(HCOO)3 79, 82, 83, 87, 100
KCuF3 perovskite 108
Kerr rotation 124, 125
KMn(HCOO)3 79, 82, 83, 87

l
Landau potential 117
ligand field stabilization energy (LFSE)

126, 133, 193, 194
light-emitting diodes 54–59
linear thermal expansion 195
load-penetration depth 68, 177, 231
long-range canted anti-ferromagnetism

101, 102

m
MA template formate HOIPs 80
[MA][Co(HCOO)3] 80, 83, 100, 123
MAGeI3 16, 17, 20–22, 31
magnetic coupling constant 96
magnetism

dicyanamide 191–193
hypophosphite perovskites

231–233
JT effect 94–98
quantum tunnelling 101–102
spin-canting 94–98
spin-flop 98–101

[MA]2[KFe(CN)6] 199, 207, 214, 215
[MA]2[K1−xRbxCo(CN)6] 209, 214,
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[MA][Mg(HCOO)3] 80, 83, 89
[MA][Mn(HCOO)3] 3, 4, 80, 83, 94,
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manganese formate perovskites 87,

94, 112, 227
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276 Index

[MA][Zn(HCOO)3] 80, 83
[MDABCO]NH4I3 252, 256–260
[MDABCO][(NH4)(BF4)3 246, 247
[MDABCO][NH4I3] 255, 256
mechanical properties

dicyanamide 193–195
hypophosphite 231

memory effect 124
meso-superstructured solar cell 39
metal-free perovskites

[DABCO][NH4(ClO4)3] 254
[MDABCO][NH4(BF4)3] 254
phase transitions 255
physical properties

dielectricity 256–260
ferroelectricity 256–260
mechanical properties 260–265
photoluminescence 255–256

[PIP][(NH4)Cl3]⋅H2O 250
[PIP][(NH4)X3]⋅H2O 252, 254

methylammonium (MA) 3, 15, 16, 19,
22, 24, 25, 30, 79, 199

MII(HCOO)2⋅2H2O 81
MHy formate perovskites 81
[MHy][M(HCOO)3] 81
[MHy][Mg(HCOO)3] 85, 89
MnN6 octahedra 157–159, 178, 185,

186
monoclinic KCo(HCOO)3 100
multi-ferroicity 3, 7, 12, 94, 118–125,
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n
NaICrIII, double perovskites 81
NaIFeIII, double perovskites 81
nanoplatelets 57, 59
nanoindentation 66, 68, 125, 127, 130,

177, 193, 194, 231, 261, 262
nanometres 35, 43, 46
nanowires 51, 52
neutron diffraction 64
[NH4][Cd(HCOO)3] 79, 80, 82, 83, 87
[NH4][Mn(HCOO)3] 79, 83, 87
[NH4]2[NaAl(HCOO)6] 80, 83
nickel formate perovskite 101
NiSO4⋅6H2O 123
n-type TiO2 39

o
octahedral tilting 10, 11, 25, 91, 92,

93, 115, 117, 138, 157, 158, 160,
174, 204, 221, 267, 268

onset of amorphization 68, 70
optical absorption edge 69, 70
optical properties, dicyanamide
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organic amine cations 3, 5, 7, 10, 12,
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79, 82, 91, 94, 102, 121, 129,
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225, 227, 236, 246, 255, 268

p
paraelectric-ferroelectric phase

transition 105, 120, 123
paramagnetoelectric coupling 123
partial density of states (PDOS) 254
perovskite absorbers 43, 48
perovskite bandgap 57
perovskite film 40, 43–47, 50, 56, 59
perovskite-like metal-formate

frameworks 79
perovskite nanocrystals 37, 41, 46, 47
perovskite oxides 1–4, 7, 10, 12, 24,

25, 64, 91, 92, 108, 114, 115, 117,
131, 145, 156, 157, 164, 204, 221,
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phase transitions
azide perovskites 156–164
cyanide perovskites

[GUA]2[KFe(CN)6] 206
(HIM)2[KCo(CN)6] 205
(HIM)2[KFe(CN)6] 204
[MA]2[K1−xRbxCo(CN)6] 209
motion models 209
structural 207
[TrMNO]2[KFe(CN)6] 210

dicyanamide perovskites 185–188
dicyanometallate perovskites

219–222
formate perovskites 91–94
halide perovskites 24–28
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hypophosphite perovskites
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metal-freeperovskites 255
organic–inorganic perovskites

10–12
organic–inorganic tetrafluoroborates

246–248
photo absorbers 37, 38, 41
photocurrent–voltage (I–V) properties
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photodetectors 59–62
photoluminescence (PL) 46, 49, 54,

190, 191, 255–257
photovoltaic cells 36, 37, 70
photovoltaic halide HOIPs 19, 34, 35
piezoelectric force microscopy (PFM)

63, 216, 259
piezoelectric nanogenerators 73
π-π interactions [PPN] 221, 222
[PIP][Na(ClO4)3] 236, 239, 243, 245
[PIP][(NH4)X3].H2O 254, 255, 260,
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polar manganese formate HOIPs 112
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dioxythiophene):poly(styrene
sulfonate) (PEDOT:PSS) 55

poly(methyl methacrylate) (PMMA)
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polycrystalline perovskite oxides 3
polyethylenimine ethoxylated (PEIE)
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polyethylenimine (PEI) 56
power conversion efficiency (PCE) 36,

38, 41–47
[PPN][Mn{Au(CN)2}3] 219
[PPN][Ni{Au(CN)2}3] 219, 222
pressure-inducedamorphization 68
pressure-induced entropy change 145
protonated amine cations 79, 151, 181
[PTEP][Cd(dca)3] 183, 185, 186, 189,
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p-type hole conductor 38
pulse fluence 53

q
quantum dots (QDs) 37, 55

quantum tunnelling 101–102, 120,
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r
Rashba effect 63–66
Rashba texture 65
RbMn(HCOO)3 79, 82, 83, 87
refrigerant capacity (RC) 143, 144
resonant ultrasound spectroscopy (RUS)
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s
second-harmonic generation (SHG)

64, 185, 216
cyanide 211
dicyanamide perovskites 190–191

second-order improper ferroelastic
transition 118

Shockley–Queisser model 29
six-coordinated divalent metals 79,

151, 181, 225
solar-cell halide HOIPs 29
solar cell structure 39
solvent accessible volumes (SAVs)

133, 134
specific heat 145
spin-canted anti-ferromagnetism 94,

98, 120
spin-canted weak ferromagnet 124
spin-canting 94–98
spin-flop 98–101
spin orbit coupling (SOC) 30, 65
square-planar Cu–Oeq units 108
stoichiometric 16, 18

t
[TEA][Ca(N3)3] 151, 153
tetrachlorophthalic anhydride polymer

103
tetramethylammonium (TMA)) 4, 79,

151, 199
thermal expansion 7, 28, 134–139,

153, 176–177
dicyanamide 193–195

[TMA]2[BB′(N3)6] 167, 169
[TMA]2[CrK(N3)6] 168, 169
[TMA]2[KCr(CN)6] 152, 153, 202
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[TMA]2[KFe(CN)6] 207, 208
[TMA][Mn(N3)3] 153, 167

anti-ferroelectricity 175
DFT calculations 174
magnetic susceptibility 164
octahedral tilting of MnN6 157
phase transition 157
polar/non-polar order 174
synthesis 151
thermal expansion behaviour 176

tolerance factors (TFs) 7–10, 15, 82,
152, 182, 202, 219, 223, 227, 235,
246

[TPrA][M(dca)3] 181, 182, 185, 186,
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barocaloric effect 196
dielectricity 188
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magnetic structure 193
phase transition 187
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triphenylsulfonium triflate 181

v
valence band maximum (VBM)
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van der Waals interactions 29,35,

204
vapour-deposited perovskite 43
vertical piezoelectric force microscopy

(VPFM) modes 217
volume thermal expansion coefficient

142

w
whispery gallery mode (WGM) 51,

52
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z
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