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ABSTRACT: Hybrid halide perovskites AMIIX3 (A = am-
monium cation, MII = divalent cation, X = Cl, Br, I) have 
been extensively studied, but have only previously been 
reported for the divalent carbon group elements Ge, Sn 
and Pb. While they have displayed an impressive range of 
optoelectronic properties, the instability of GeII and SnII 
and the toxicity of Pb have stimulated significant interest 
in finding alternatives to these carbon group–based per-
ovskites. Here we describe the low temperature solid-
state synthesis of five new hybrid iodide perovskites cen-
tered around divalent alkaline earth and lanthanide ele-
ments, with the general formula AMIII3 (A = me-
thylammonium, MA; MII = Sr, Sm, Eu, and A = forma-
midinium, FA; MII = Sr, Eu). Structural, calorimetric, op-
tical, photoluminescence, and magnetic properties of 
these materials are reported.  

Introduction 

The last 15 years of halide perovskite [AMIIX3] 
research has seen an explosion of interest, principally re-
lated to the potential of these materials in optoelectronic 
and photovoltaic (PV) devices.1,2 By tuning the overall 
stoichiometry and M-site oxidation state, these perovskite 
structures can adopt dimensions that range from 3D to 
0D.3–5 Consequently, vast libraries of new structures and 
compositions with exciting properties have been gener-
ated. While lower dimensional structures (i.e. 2D to 0D) 
have shown novel optical, photoluminescence, and mag-
netic properties, their use in PV active layers will likely 
always be overshadowed by the superior conductivity and 
performance of their 3D analogs.4,6 Compared to their all-
inorganic iodide derivatives, 3D hybrid perovskite iodide 
compounds have several advantages because of their 
lower temperature synthesis, lower cost, and the A-

cation’s large size. The best-studied  3D-hybrid iodide 
systems are MAPbI3 (methylammonium, MA = 
CH3NH3

+) and FAPbI3 (formamidinium, FA = 
HC(NH2)2

+) as well as their tin derivatives.1,7–9 Further-
more, all of the 3D-hybrid perovskites reported to date 
possess carbon group elements in the MII site, specifically 
Ge, Sn, and Pb. By comparison, there are several 3D-all-
inorganic iodide compositions that do not use Pb(II) or 
Sn(II), many with Cs or Rb in the A site.10–15 These com-
positions exclusively use either divalent lanthanide or al-
kaline earth metals in the MII site.  

In an effort to identify possible hybrid composi-
tions which could host non-carbon group elements, we 
have used a combination of the Goldschmidt Tolerance 
Factor (TF, eq S1) and the radius ratio (μ, eq S2).16 The 
Goldschmidt Tolerance Factor has been widely used to 
predict whether a perovskite composition can form (0.8 < 
TF < 1.0), and if it will likely form an ideal cubic structure 
(0.9 < TF < 1.0).17–20 The radius ratio has been used to 
determine if the M-site metal can support an octahedron 
of X– anions (X– = F–, Cl–, Br–, I–). The combination of 
these two criteria has been used to predict large numbers 
of both hybrid and inorganic single and double perov-
skites.19,21 For instance, we utilized both criteria to predict 
possible iodide double perovskites,21 which have since 
been realized by both ourselves22, and by Gamelin and 
coworkers.23 TF and radius ratio calculations suggest the 
possible existence of several new 3D-hybrid perovskite 
iodides by using divalent lanthanide and alkaline earth 
metal ions in the MII site (Figure 1, Table S1). Among the 
alkaline earth metals, Sr(II) and Ca(II) closely resemble 
Pb(II) and Sn(II), respectively, in their ionic radii.24,25 In 
addition, the ionic radii of Eu(II) and Sm(II) are similar 
to Pb(II),24 while Yb(II) is close to Sn(II),25 noting that 
each of these three lanthanides have reasonably accessi-
ble divalent oxidation states. The calculated TF and μ val-
ues for various compositions using FA or MA suggest that 
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many of the alkaline earth metals and lanthanides could 
form stable perovskite phases (Figure 1).  

 

Figure 1. TF vs radius ratio of known, unknown, and new 
compositions reported in this work with selected divalent 
elements. The blue region denotes the optimal TF range 
for 3D perovskite phase formation. Circles (〇) denote 
compositions with FA+, squares (□) denote compositions 
with MA+, and diamonds (◇) denote compositions with 
Cs+. 

Although there are no reports of hybrid perov-
skite iodides, AMIII3, beyond compositions with Ge, Sn or 
Pb,  Mitzi and Liang discovered a 2D hybrid perovskite 
iodide of EuII when they utilized a low temperature solid-
state method to synthesize (C4H9NH3)2EuI4.26 We note 
that Mitzi and Liang did mention that they were able to 
generate MAEuI3; however, their results on this compo-
sition were never published. Xiao and coworkers’ attempt 
to generate a higher dimensional Eu(II) iodide perovskite 
via solution synthesis instead resulted in the formation of 
the 0D phase BA10EuI12 (BA = C4H9NH4

+), where the 
EuI6

4– octahedra are isolated from one another.27 In the 
present work, we set out to synthesize several of our pre-
dicted hybrid AMIII3 compounds by using a similar low 
temperature solid state synthetic protocol to that of Mitzi 
and Liang.26 We report the synthesis and characterization 
of five new 3D hybrid perovskites iodides, AMIII3 (A = 
MA, MII = Sr, Sm, Eu; A = FA, MII = Sr, Eu). Their struc-
tures and phase transitions have been studied through 
Rietveld refinement and differential scanning calorime-
try. Optical absorption, magnetic properties, variable tem-
perature photoluminescence, and lifetime measurements 
are also detailed and compared with their relevant ana-
logs. 

Results and Discussion 
Synthesis and Characterization 

The compounds were synthesized via solid-state 
reaction between the appropriate alkylammonium iodide 
and metal diiodide in equimolar ratios at 205 ºC in an alu-
mina crucible, under strictly air-free and anhydrous con-
ditions (See Supporting Information). We found that 
where the A cation was methylammonium the reaction 
only required 24 h to complete, whereas when forma-
midinium iodide was used as the A cation source the re-
action was slower and required 72 h for complete conver-
sion. We were unable to synthesize FASmI3, which was 
likely a result of a redox reaction between formamidinium 
and the highly reducing Sm(II). All the compounds are 
extremely air sensitive and decompose rapidly when ex-
posed to air. Unlike the lead analogues, which are black 
and semiconducting, the Sr, Sm and Eu compounds are 
white, dark-green and yellow, respectively, reflecting 
their wider band gaps, but bearing in mind the 4fà5d 
transitions of Eu(II) and Sm(II).  

 

Figure 2. PXRD of MASrI3 (top), and FAEuI3 (bottom) 
with Rietveld refinement (green line), difference (grey 
line), and respective structures, drawn to scale. For con-
ciseness, the region containing the major Be reflections 
around 50º 2theta have been excluded. 

The structures of AMIII3 (A = MA, MII = Sr, Sm, 
Eu; A = FA, MII = Sr, Eu) were determined through 
Rietveld analysis of their laboratory XRD patterns (Fig-
ures 2 and S1). For all phases the A-cation has been mod-
eled and refined as a pseudo-atom with equivalent scat-
tering power, as previously described by Fabini and 
coworkers.28  Each of the MAMIII3 (MII = Sr, Sm, Eu) 
compositions crystallizes in the tetragonal space group 
I4/mcm at room temperature, where their lattice parame-
ters and cell volumes decrease with decreasing ionic ra-
dius (Figure 2; Tables 1 and S2). The MII–I bond distances 
for each compound are summarized in Table 1, and are 
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consistent with comparable MII (MII = Sr, Sm, Eu) to io-
dide octahedra bond distances.10,12 At room temperature, 
MAPbI3 also crystallizes in the same tetragonal space 
group, I4/mcm, and is isostructural to MAMIII3 (MII = Sr, 
Sm, Eu). Despite Pb(II) having a slightly larger Shannon 
ionic radius than Eu(II) or Sr(II), the lattice parameters 
and volume of MAPbI3 are slightly smaller than these 
compositions, (Table 1);29 this trend is also reflected in 
the calorimetric behavior (See calorimetry data below). 
The deviation from the expected trend of ionic radii arises 
because the Shannon radii are less reliable for iodides due 
to covalency effects.30 The structures of FAMIII3 (MII = 
Sr, Eu) were also determined through Rietveld analysis of 
their laboratory powder XRD patterns. At room tempera-
ture, both compositions adopt the tetragonal P4/mbm 
space group and are isostructural to β-FAPbI3 (Figure 2). 
Similar to the methylammonium analogs, the tetragonal 
lattice parameters of FASrI3 are slightly larger than that 
of FAEuI3 (Table 1, Table S1). A direct comparison be-
tween the lattice parameters of FAMIII3 (MII = Sr, Eu) and 
β-FAPbI3 is not feasible because at room temperature 
FAPbI3 crystallizes in the cubic α-phase, highlighting the 
smaller effective size of Pb(II) in FAPbI3.28,31  
Table 1. Lattice parameters and MII–I bond lengths of 
AMIII3 compounds at T = 300 K.  

Com-
pound 

Space 
group 

Cell parameters 
(Å) 

MII–I dis-
tances (Å) 

MASrI3 I4/mcm a = 8.9449(3) 
c = 12.9288(3) 

4×3.2322(1),  
2×3.216(2) 

MASmI3 I4/mcm a = 8.9372(5) 
c = 12.9046(8) 

4×3.2262(3),  
2×3.215(3) 

MAEuI3 I4/mcm a = 8.9191(2) 
c = 12.8709(4) 

4×3.2177(2), 
2×3. 206(2) 

FASrI3 P4/mbm a = 9.1018(5) 
c = 6.4365(3) 

4×3.2182(2),  
2×3.248(7) 

FAEuI3 P4/mbm a = 9.0716(2) 
c = 6.4146(2) 

4×3.2073(1),  
2×3.233(5) 

 
Differential scanning calorimetry (DSC) carried 

out on the five new compounds supports the ionic radii 
trends observed in the XRD analysis. In the case of MA-
MIII3 (MII = Sr, Sm, Eu) two reversible thermal transi-
tions, one at lower temperatures, between 214 K and 228 
K, and one at higher temperatures, between 415 K and 
431 K are tentatively assignable to the Pnma↔I4/mcm 
and the I4/mcm↔Pm3"m phase transitions, respectively 
(Figures 3 and S7). These two transitions are similar to 
those seen in DSC experiments of MAPbI3 and are sepa-
rated by a similar temperature range.8,32 However, the re-
spective transitions for MAPbI3 occur at 170 K 
(Pnma↔I4/mcm) and 330 K (I4/mcm↔Pm3"m), which 
are significantly lower temperatures than what we ob-
served for MAMIII3 (MII = Eu, Sm, Sr). This is consistent 

with the smaller lattice parameters of MAPbI3.29 The dif-
ference between the enthalpy change between the low and 
high temperature transitions can be understood  by com-
parison with the analogous MAPbI3 compound. Heating 
MAPbI3 through the PnmaàI4/mcm transition is accom-
panied by an orderàdisorder transition of the MA+ cat-
ion, whereas the high temperature I4/mcm↔Pm3"m tran-
sition is of the disorderàdisorder type.32 

 

 

Figure 3. DSC thermograms of AMIII3 (A = MA, MII = Sr, 
Sm, Eu; A = FA, MII = Sr, Eu). The second heat and cool, 
with a ramp rate of 10 K min–1 and exotherm up are 
shown. The black arrows denote the directions of the 
temperature ramps, while the blue arrows denote the 
likely P4/mbm↔Pm!"m transition features in FAMIII3 
(MII = Eu, Sr). 

DSC experiments carried out on FAMIII3 (MII = 
Eu, Sr) do not reveal any transitions on cooling from 
room temperature to 173 K (Figures 3 and S7). A reversi-
ble transition was observed to occur at higher tempera-
tures, at 349 K and 378 K for FAEuI3 and FASrI3, respec-
tively. Upon heating two endotherms within 15 K of each 
other are present, while only one broader exotherm can 
be seen on cooling. These features are reversible and are 
tentatively assigned to the same P4/mbm↔Pm3"m phase 
transition seen in FAPbI3 at 275 K.28,31  

IR spectroscopy was used to confirm the pres-
ence of the methylammonium and formamidinium cati-
ons in their respective AMIII3 compounds. The IR spectra 
of MAMIII3 (MII = Sr, Sm, Eu) are qualitatively the same 
with slight changes in intensities and shifts, and are very 
similar to the previously reported spectrum of MAPbI3 
(Figure S2).33 Similarly, the IR spectra of FAMIII3 (MII = 
Sr, Eu) are also qualitatively the same and match well to 
the reported IR spectrum of α-FAPbI3 (Figure S3).34 X-
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ray photoelectron spectroscopy (XPS) spectra were ob-
tained to examine the elemental composition and the ox-
idation states of metal ions. The Eu(II) 3d spectra of 
AEuI3 (A = MA, FA) show that the majority of the Eu is 
in the divalent state (Figure S4-S6).27,35 A small amount 
of Eu(III) can be observed in the XPS spectrum of AEuI3 
at energies approximately 10 eV higher in energy (Figure 
S6 and Table S5), which could be either due to back scat-
tering or surface oxidation.27 In the case of MASmI3, the 
3d states appear at  the binding energies of 1109.3 eV and 
1082.6 eV (Figure S6 and Table S5), which are close to 
the reported value for Sm(III).35 however, the presence of 
Sm(III) on the surface would be expected given the even 
higher air sensitivity and oxidizable nature of MASmI3 
compared to AEuI3.  
Optical Absorption and Emission Properties 

We recorded the solid-state optical absorption 
spectra of AEuI3 (A = MA, FA) and MASmI3 (Figure 4). 
The spectrum of MASmI3 contains many features, which 
are primarily 4f à 5d transitions and are characteristic of 
Sm(II).36–39 The optical absorption spectra of AEuI3 (A = 
MA, FA) both show strong absorptions centered around 
370 nm that are assignable to a 4f7 à 4f65d1(t2g) transi-
tion.40,41 The 4f à 5d transitions observed in many lan-
thanides (i.e. Ce(III), Sm(II), Eu(II), etc) are known to ex-
hibit luminescence during relaxation back to their respec-
tive 4f states.40–43 Accordingly, upon excitation at 367 nm 
both MAEuI3 and FAEuI3 exhibit luminescence centered 
at approximately 447 nm. The emission seen in FAEuI3 
was also qualitatively more intense compared to MAEuI3, 
likely a consequence of the longer Eu–Eu distances. The 
emission spectra of AEuI3 are also similar to other Eu(II) 
iodide species, including AEuI3 (A = Cs, Rb) and AEu2I5 
(A = Cs, Rb, K).44–46 While monitoring their respective 
λem maxima, we also recorded the excitation profiles for 
both MAEuI3 and FAEuI3. In both samples the excitation 
spectrum contains multiple features and a maximum cen-
tered around 367 nm. The 367 nm feature is noticeably 
more pronounced in FAEuI3 compared to the MAEuI3, 
whose excitation spectrum shows more pronounced 
shoulder features. We have also performed several pre-
liminary experiments on doping Eu(II) into MASr1-xEuxI3 
(x = 0.01, 0.03, 0.05) and found a significant enhance-
ment of the relative photoluminescent intensity at these 
lower dopant concentrations as well as a subtle blue shift 
of the peak maxima (Figure S12).  

The emission spectra of MASmI3 were recorded 
between T = 77 K and 300 K (Figures 4c and S8). Exci-
tation of MASmI3 at 375 nm and 300 K shows one broad 
feature centered at 820 nm which is assignable to the 
4f65d1(t2g) à 7F0 transition. MASmI3 shows an emission 
spectrum that is characteristic of Sm(II),47 but is also 
slightly red-shifted compared to other reported emission 
spectra of Sm(II) iodide systems.37,44 Upon cooling to 77 
K the major feature blue-shifts to 811 nm and a shoulder 
feature, centered at approximately 833 nm, becomes 

somewhat resolved. The feature at 833 nm can be as-
signed to the 4f65d1(t2g) à 7F1 transition. The difference 
in energies between the transitions to 7F0 and 7F1, which 
corresponds to the spin-orbit coupling constant, is ap-
proximately 330 cm–1, and agrees well with energy differ-
ences determined by others,37,47 as well as our own mag-
netic data on this system (see below). Variable tempera-
ture lifetime measurements of MASmI3 between T = 77 
K and 300 K can be fitted to a double exponential func-
tion (Figure S9). At T = 77 K the two lifetimes are 628 ns 
and 81 ns, and upon warming to T = 300 K the lifetimes 
decrease to 56 ns and 0.9 ns, respectively (Figure S9). 

 

Figure 4. Optical absorption spectra (solid orange lines) 
and photoluminescent excitation (dashed blue lines) and 
emission spectra (solid black line) of (a) MAEuI3, (b) 
FAEuI3,  and (c) MASmI3, collected at room tempera-
ture.  

The variable temperature photoluminescence 
and lifetime measurements for AEuI3 (A = MA, FA) were 
also recorded by excitation at 375 nm, and their respective 
Huang-Rhys factors (S),48 phonon frequencies (ħω), and 
lifetimes (τ) were obtained. The variable temperature 
photoluminescence of FAEuI3 shows broadening and de-
caying intensity upon warming, as expected. A subtle blue 
shift in the peak maxima from 453 nm to 447 nm also 
occurred upon warming, and was likely a consequence of 
the increase in overlapping exciton-based luminescence 
at higher temperatures (Figure S8). The Huang-Rhys fac-
tor and phonon frequency values for FAEuI3 are S = 6 and 
ħω = 151 cm–1, respectively (Figure S10, Eq S3). These 
values are consistent with values of S seen in other Eu(II) 
systems,49,50 and the Raman vibrational frequencies seen  
in other lanthanide iodide systems.22,51–53 In MAEuI3, the 
emission intensity decreases and the peak maxima red 
shifts from 441 nm (77 K) to 448 nm (300 K) with in-
creasing temperature (Figure S8). The apparent transition 
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between the Pnma and I4/mcm phases is also accompa-
nied by a 4 nm red-shift in luminescence maxima, be-
tween 200 K and 225 K.  This transition slightly affects 
the FWHM values at the transition; however, fitting the 
FWHM values to Eq S3 through the transition gives val-
ues of S = 3 and ħω = 146 cm–1 for MAEuI3 (Figure S10).  

Variable temperature lifetime measurements for 
both FAEuI3 and MAEuI3 were also recorded between T 
= 77 K and 300 K (Figures S9). The lifetime curves for 
FAEuI3 can be fitted with a single exponential function 
whose lifetime decreases from 605 ns at 77 K to 69 ns at 
300 K (Figure S9 and S11). The lifetime curves of 
MAEuI3 are best fitted to a double exponential function. 
At T = 77 K the two lifetimes are 928 ns and 598 ns; the 
faster component decreases in lifetime to 270 ns at 225 K 
then increases again to 382 ns at 300 K after the apparent 
transition from Pnma to I4/mcm. Similarly, the slow com-
ponent (928 ns at 77K) remains relatively unchanged un-
til after the respective phase transition, at which point it 
increases to 1134 ns at 300 K (Figure S9 and S11). This 
behavior has also been observed  in MAPbX3 thin films,54 
and is likely a consequence of the reduction in octahedral 
tilting and increased Eu–Eu spacing. For comparison, the 
lifetime of BaEu2I5 is around 300 ns, at 77 K, while the 
lifetimes of CsMIII3 (MII = Mg, Ca, Sr) are on the order of 
700 ns at 300 K.55,56  
Magnetic Properties 

To further confirm the bulk oxidation states of 
these compounds, the magnetic susceptibilities of 
MASmI3, MAEuI3 and FAEuI3 were recorded between T 
= 1.8 K and 300 K (Figure 5). As expected for a 4f7 ion, 
both MAEuI3 and FAEuI3 show ideal Curie-Weiss behav-
ior in their 1/χ plots (Figure 5a and 5b).57 Fitting these 
measurements to the Curie-Weiss law affords near identi-
cal room temperature magnetic moments of 8.07 µB per 
Eu(II) ion. These values agree well with the calculated 
spin-only moment for seven unpaired electrons (7.94 
µB).58 The Curie-Weiss interaction parameters (θ) for 
AEuI3 (A = MA, θ = –3.5 K; A = FA, θ = –1.4 K) are also 
relatively small and becomes weaker upon moving to 
larger Eu–Eu distances in FAEuI3 (due to the 2.53 Å ra-
dius for FA+ vs 2.17 Å for MA+).17 Overall, the exchange 
interactions between the Eu(II) cations are very weak due 
to the large size of the intervening iodide ions. However, 
in MAEuI3 a small bifurcation in the field cooled vs zero 
field cooled susceptibility measurements can be observed 
at approximately T = 3.6 K (Figure 5a, inset), while 
FAEuI3 shows no deviation from linearity down to T = 1.8 
K (Figure 5b, inset). The low temperature transition is 
likely due to metamagnetic behavior and is further sup-
ported by the M vs H data at 2 K (Figure S13).59,60  

 

Figure 5. Magnetic susceptibility (left y-axis), inverse 
magnetic susceptibility (top right y-axis), and effective 
magnetic moment (bottom right y-axis) plots for (a) 
MAEuI3 (b) FAEuI3, and (c) MASmI3, with their respec-
tive fits (dashed lines). Insets show low temperature field 
cooled and zero field cooled inverse magnetic susceptibil-
ity data. 

The magnetic susceptibility of MASmI3 was rec-
orded between T = 1.8 K and 300 K and is shown in Fig-
ure 5c. The room temperature moment of this material is 
3.42 µB per Sm(II) and agrees well with experimentally 
determined values for other Sm(II) compounds.58 Given 
that Sm(II) is a 4f6 ion, and isoelectronic to Eu(III), it is 
expected to have a 7F0 ground state, and no net magneti-
zation at low temperatures, according to the Russell-
Saunders coupling scheme.58,37,61 Upon cooling to T = 1.8 
K, the moment decreases to 0.33 µB per Sm(II) as the six 
excited J states (7F6-7F1) are thermally depopulated. Fit-
ting the susceptibility data to a modified Van Vleck equa-
tion (Eq S5) affords a spin-orbit coupling (SOC) constant 
of ζ = 298.68(2) cm–1 for MASmI3 (Figure S16),62 which 
agrees well with our photoluminescent data above. To the 
best of our knowledge, the only other example of a Sm(II) 
compound being fitted using variable temperature mag-
netic data was by Wang and coworkers, who found that 
SmI2 in a THF solution had a SOC constant of ζ = 243(2) 
cm–1.37 Dieke and Sarup have also determined the value 
of ζ for Sm(II) in LaCl3 and CaF2 host lattices to be 272 
cm–1 and 369 cm–1, respectively.47 The spin-orbit cou-
pling in Sm(II) compounds is weaker than that in the iso-
electronic Eu(III) compounds, due to the higher effective 
nuclear charge of Eu(III) vs Sm(II). For example, the 
value of ζ for Eu2BaZnO5 (365(2) cm–1),61 and EuAlO3 
(370 cm–1) are about 70 cm–1 higher in energy,63 while 
BaEu2ZnO5 (333 cm–1) is about 35 cm–1 higher in en-
ergy.64 Finally, we note that the increase in the magnetic 
susceptibility of MASmI3 below T ≈30 K is likely a con-
sequence of Van Vleck paramagnetism and a small 
amount of paramagnetic impurity.65 
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Conclusions 

To summarize, through rational design rules and 
low temperature solid-state synthesis we have obtained 
the first 3D-hybrid halide perovskites that do not have a 
carbon group elements in the MII site. All compositions 
are isostructural with their APbI3 counterparts and have 
lattice parameters that are slightly larger, consistent with 
the calorimetry results. The optical properties of the 
Eu(II) compounds are of particular note, exhibiting pho-
toluminescence that is reminiscent of Eu(II)-based phos-
phors.66 The magnetic properties of MASmI3 represent a 
rare-example of magnetic-moment quenching in a f6 
Sm(II) compound at low temperatures.  Significantly, all 
of our new compounds are free of lone-pairs, providing 
opportunities to make direct comparisons to the crystal 
and electronic structures of compositions with lone-pair 
MII cations (i.e. Pb(II), Sn(II)).67,68 Future studies will ex-
amine examples of other cations and anions on the A and 
X sites, respectively, and also explore the use of these syn-
thetic methods for the creation of lower dimensional 
structures such as Ruddlesden-Popper or Dion Jacobson 
phases. 
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Synopsis: 3D hybrid perovskite iodides are synthesized using the alkaline earth and divalent lanthanide metals; their struc-
tural, optical, magnetic, and photoluminescence properties are recorded and discussed. 
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Experimental 
General.  All reactions and subsequent manipulations were performed under strictly anaerobic 
and anhydrous conditions under an atmosphere of argon. All reagents were purchased from 
commercial vendors as anhydrous salts and used as received.  
 
Powder X-ray diffraction measurements. Laboratory XRD patterns of all compounds were 
collected using a home-built air free sample holder with a beryllium window, to prevent sample 
decomposition. The Be window did show a systematic effect on peak intensities and shape at lower 
angles, which could not be corrected for. The powder XRD data were analyzed using the TOPAS 
software suite.1 Initial Pawley refinements were performed to determine lattice parameters and 
peak shapes.2 Subsequently, Rietveld refinements were performed to determine background, zero-
point error, and atomic positions. All refinements excluded a region between 49.0 and 53.5 Cu-2θ 
to avoid errors associated with refining the both the sample and signal from the Be window. 
 
Magnetic measurements. The magnetic properties of all compounds were recorded using a 
Quantum Design Magnetic Property Measurement System SQUID vibrating sample 
magnetometer (MPMS3 SQUID-VSM). All powdered samples were loaded in plastic caps under 
an argon atmosphere and mounted on a brass holder for measurements. Zero-field cooled and field 
cooled measurements were taken on warming between T = 1.8 K and 300 K under a constant field 
of 0.5 Tesla. 
 
Optical properties. Diffuse reflectance spectra were collected on a Shimadzu UV-3600 UV–vis–
NIR spectrometer using BaSO4 (Sigma Aldrich) as the reference for 100% reflectance. The spectra 
were collected by adding powdered samples, diluted with BaSO4, to a sample holder and applying 
transparent tape over the samples to prevent decomposition from air. The diffuse reflectance data 
were transformed into the absorbance by using the Kubelka–Munk (K-M) expression. Steady-state 
photoluminescence data were obtained using a Jobin-Yvon HORIBA FluoroMax-4 (xenon source, 
1 nm step size) equipped with a solid-state sample holder. Photoluminescence spectra for AEuI3 
(A = Ma, Fa) were also collected by adding powdered samples, diluted with BaSO4, to a sample 
holder and applying transparent tape over the samples to prevent decomposition from air. 
Photoluminescence data were analyzed using the FluorEssence (v3.5) software powered by Origin. 
Photoluminescence data for MASmI3 could not be collected to a low enough wavelength using the 
above set-up and all photoluminescence collected on this composition was done using the set-up 
below. 

The temperature-dependent steady state photoluminescence (PL) measurements were 
performed on a home-built fluorometer setup. The PL was excited by a solid state laser beam 
(Coherent OBIS) with 375 nm wavelength at 45 degrees angle of incidence. The incident beam 
power was <500 uW focused into the spot with a Gaussian diameter of ~100um. The PL was 
collected in 90 degrees geometry with an optical lens system and focused on the input slit of a 
spectrometer (Acton SP-500) equipped with a charge-coupled device (CCD) camera (Princeton 
Instruments PIXIS:400) which can detect light in the range 300-1050 nm. The CCD detector was 
protected from the excitation light by a long-pass interference filter (Omega Filters ALP400). The 
spectrum, collected by the CCD camera, was corrected for the instrument response by measuring 
the spectrum of a black body-like light source (Ocean Optics HL-1) and calculating the appropriate 
correction factor. To control the temperature, the sample was placed into an LN2-cooled cryostat 
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(Janis VPF-100 with Thermaltake 323 controller). The spectra were processed and fit using the 
Fityk software package. 
 
Differential Scanning Calorimetry. Differential Scanning Calorimetry (DSC) was performed 
using a TA Instruments DSC Q2000 at a heating/cooling rate of 10 °C/min using 3–5 mg of sample 
in a sealed aluminum pan. 
 
X-ray Photoelectron Spectroscopy. X-ray photoelectron spectroscopy measurements were 
performed using a Thermo Fisher ESCALAB Xi+ XPS system with a monochromated aluminum 
anode (1486.7 eV). Powder samples were pressed onto carbon tape and were transferred to the 
instrument using a homemade air-free sample holder. Since all measured samples were 
semiconducting, charge compensation was applied, and all spectra were referenced to the C 1s 
peak of carbon at 284.5 eV. 
 
Synthesis. In a typical synthesis, stoichiometric quantities of MAI or FAI, MI2 (M = Sm, Eu, Sr) 
were weighed in an argon glovebox with oxygen and water levels of <0.5 ppm. These materials 
were ground and pressed into a pellet that was then loaded into an alumina crucible inside a silica 
tube. The reaction tube was sealed under vacuum and heated to 210 ºC. Reactions containing MAI 
were heated for 24 h, while reactions containing FAI required 72 h for complete conversion. After 
heating the reaction tubes were brought back into the glovebox, the pellet removed from the sealed 
tube and ground into fine powders for subsequent property measurements.  
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Table S1. TF and radius ratio of selected 3D perovskite compositions. 

Compound MII radius TF μ 
CsCaI3 1.0 0.9017 0.45455 
MACaI3 1.0 0.96579 0.45455 
FACaI3 1.0 1.04535 0.45455 
CsSrI3 1.18 0.85368 0.53636 
MASrI3 1.18 0.91436 0.53636 
FASrI3 1.18 0.98968 0.53636 
CsBaI3 1.35 0.8128 0.61364 
MABaI3 1.35 0.87057 0.61364 
FABaI3 1.35 0.94229 0.61364 
CsEuI3 1.17 0.85621 0.53182 
MAEuI3 1.17 0.91707 0.53182 
FAEuI3 1.17 0.99262 0.53182 
CsSmI3 1.18 0.85368 0.53636 
MASmI3 1.18 0.91436 0.53636 
FASmI3 1.18 0.98968 0.53636 
CsYbI3 1.02 0.8961 0.46364 
MAYbI3 1.02 0.95979 0.46364 
FAYbI3 1.02 1.03886 0.46364 
CsPbI3 1.19 0.85116 0.54091 
MAPbI3 1.19 0.91166 0.54091 
FAPbI3 1.19 0.98676 0.54091 
CsSnI3 1.0 0.9017 0.45455 
MASnI3 1.0 0.96579 0.45455 
FASnI3 1.0 1.04535 0.45455 

 
(Eq S1): 

  
 
 
(Eq S2):  
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Table S2. Table of crystallographic details for AMIII3 (A = MA, MII = Sr, Sm, Eu; A = FA, MII = 
Sr, Eu). 

empirical formula MASrI3 MASmI3 MAEuI3 FASrI3 FAEuI3 
crystal system Tetragonal Tetragonal Tetragonal Tetragonal Tetragonal 
space group I4/mcm I4/mcm I4/mcm P4/mbm P4/mbm 
vol (Å3) 1034.44(7) 1030.7(1) 1023.89(6) 533.21(6) 527.89(3) 
a (Å) 8.9449(3) 8.9372(5) 8.9191(2) 9.1018(5) 9.0716(2) 
b (Å) 8.9449(3) 8.9372(5) 8.9191(2) 9.1018(5) 9.0716(2) 
c (Å) 12.9288(3) 12.9046(8) 12.8709(4) 6.4365(3) 6.4146(2) 
α (deg) 90 90 90 90 90 
β (deg) 90 90 90 90 90 
γ (deg) 90 90 90 90 90 
Rwp 5.55% 4.72% 4.86% 7.17% 5.72% 
Rp 4.04% 3.38% 3.29% 5.04% 3.66% 

 
Table S3. Atom positions for MAMIII3 (MII = Sr, Sm, Eu). 

Atom/Moiety X Y Z Wyckoff site 
A 0.5 0 0.5 4d 
MII 0 0 0 4c 
I1 0 0 0.25 4a 
I2 Y+0.5  Sr: 0.2036(2); 

Sm: 0.2029(3); 
Eu: 0.2040(2)  

0.5 8h 

 
Table S4. Atom positions for FAMIII3 (MII = Sr, Eu). 

Atom/Moiety X Y Z Wyckoff site 
A 0 0.5 0 2d 
MII 0 0 0.5 2b 
I1 0 0 0 2a 
I2 Sr: 0.2854 (6); 

Eu:0.2818(5)  
X+0.5  0.5 4h 

 

 
Figure S1. Powder XRD of MASmI3 (left), MAEuI3 (middle), and FASrI3 (right) with Rietveld 
refinement (green line), difference (grey line), and respective structures, drawn to scale. For ease 
the region containing the major Be reflections has not been refined. 
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Figure S2. ATR-IR spectrum of MABIII3 (BII = Sm, Eu, Sr) with annotated absorbances. 

 
Figure S3. ATR-IR spectrum of FABIII3 (BII = Eu, Sr) with annotated absorbances. 
  



 S7 

 

   
Figure S4. Annotated XPS Spectra of MAMIII3 (MII = Sm, Eu, Sr). 
 

 
Figure S5. Annotated XPS Spectra of FAMIII3 (MII = Eu, Sr). 
 

 
Figure S6. High resolution 3d region XPS spectra for MASmI3 (left), MAEuI3 (center), FAEuI3 
(right). 
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Table S5. Selected binding energies (eV) obtained from XPS data. 
XPS Peaks MASmI3 MAEuI3 MASrI3 FAEuI3 FASrI3 
Ln 3d5/2 1082.6 1124.5 - 1124.3 - 
Ln 3d3/2 1109.3 1154.0 - 1153.8 - 
I 3p3/2 873.5 873.8 874.0 873.6 873.5 
I 3p1/2 930.1 929.6 930.4 929.7 930.0 
I 3d5/2 618.1 618.5 618.5 618.0 618.0 
I 3d3/2 629.6 630.0 630.5 629.5 629.5 
Sr 3p3/2 - - 268.5 - 268.7 
Sr 3p1/2 - - 279.1 - 278.6 
C 1s 286.2 286.5 286.4 286.9 287.0 
N 1s 400.5 401.0 400.6 399.0 399.0 

 
 

 
Figure S7. DSC thermograms of MAMIII3 (MII = Sm, Eu, Sr; Left) and FAMIII3 (MII = Eu, Sr; 
Right). The second heat and cool cycle, with a ramp rate of 10 °C min−1. 
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Figure S8. Variable temperature emission spectra of FAEuI3 (left), MAEuI3 (middle), and 
MASmI3 (right), measured while exciting at 375 nm.  

  
Figure S9. Variable temperature photoluminescence lifetime measurements of FAEuI3 (left), 
MAEuI3 (middle), and MASmI3 (right), measured while exciting at 375 nm. 
 

 
Figure S10. Temperature-dependent FWHM values for MAEuI3 and FAEuI3, fit using eq S3. 
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(Eq. S3)3 

(Eq. S4) 

 
Figure S11. Variable temperature photoluminescence lifetimes for MAEuI3, MASmI3 (fit with 
double exponential, lifetimes 1 and 2) and for FAEuI3 (fit with single exponential). 

 
Figure S12. Photoluminescent response of MASr1-x EuxI3 and respective band passes (x = 0.01 
(0.9nm), 0.03 (0.9nm), 0.05 (0.9nm), 1.00 (2.1nm))  
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Figure S13. Inverse magnetic susceptability vs temperature plot of MAEuI3 (χ–1, left plot) with 
CW fit (dashed line) and M vs H curves of MAEuI3 at 2 K and 300 K (right plot). 
 

  
Figure S14. Inverse magnetic susceptability vs temperature plot of FAEuI3 (χ–1, left plot) with 
CW fit (dashed line) and M vs H curves of FAEuI3 at 2 K and 300 K (right plot). 
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Figure S15. M vs H curves of MASmI3 at 2 K and 300 K. 
 
(Eq S5)4 

 
 

 
 

 
Figure S16. 7Fx (x = 0–6)Multiplet Splittings for Sm(II) in MASmI3 derived by fitting the 
experimental suceptibility data. 
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