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Abstract 
FAMn:PbI3 perovskite films were synthesized and probed mainly through 
electron spin resonance (ESR) spectroscopy. FAMn:PbI3 with low (~1%) Mn 
concentration showed a hyperfine sextet line originated from Mn++ ions. 
FAMn:PbI3 with high (10%) Mn concentration showed broad resonance 
(~500 G peak-to-peak linewidth). However, after bombardment of FAMn:PbI3 
with high Mn concentration by focused ion beams (FIB), a sharp ESR peak 
appeared. The peak-to-peak linewidth (ΔHpp) was ~8 G regardless of the 
temperature. The FIB-induced defect showed Curie behavior at low temper-
atures (5 K - 50 K), which indicates the presence of localized electrons at the 
defect sites at low temperatures. The g-value increased from g = 2.0002 to 
2.0016 as the temperature increased from 5 K to 50 K. Together with the on-
going search for electron spin echo (ESE), this could potentially provide a 
platform for realizing magnetic bits, information storage, and increased ma-
nipulation speed. 
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1. Introduction 

While methylammonium lead iodide (MAPbI3) has led to the development of 
prototype technology, perovskite solar cells (PSCs), formamidinium lead iodide 
(FAPbI3) has also attracted much attention [1] [2] [3]. To date, PSCs with photo 
conversion efficiencies (PCEs) of >25% mainly use FAPbI3-dominated perovs-
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kite as a light absorber due to their superior opto-electrical properties, narrower 
band gap, longer charge-diffusion length, and better photostability and thermos-
tability [4] [5]. 

Perovskite manganites may provide a useful material platform for new mag-
netic materials [6]. MAMn:PbI3 has been studied by Náfrádi et al., who found 
that photo-excited electrons melt the local magnetic order in the ferromagnetic 
photovoltaic MAMn:PbI3 [7]. Technologically relevant materials may emerge 
when the magnetic interactions of spins are present and competing to determine 
the ground state. This may provide potential for realizing magnetic bits, infor-
mation storage, and increased manipulation speed [7] [8] [9]. 

Ion beam irradiation is also known to induce structural changes such as phase 
transitions and amorphization [10] [11] [12]. The focused ion beam (FIB) me-
thod has recently been used to tune the optical properties of lead halide perovs-
kites, thus opening an interesting avenue for applications in optoelectronic de-
vices [11]. 

In this work, we report that isolated and localized paramagnetic spins can be 
formed by employing FIB of perovskite manganites. We have found that isolated 
and localized paramagnetic spin sites were formed by the application of FIB onto 
FAMn:PbI3 perovskite films. This may potentially provide a useful material 
platform for realizing magnetic bits, information storage, and increased mani-
pulation speed. 

2. Experimental 

The fabrication of the FAPbI3 and FAMn:PbI3 thin films with thickness of about 
400 nm has been carried out through two-step sequential deposition and solvent 
engineering representative of wet processes that can yield perovskite films for 
high-performance PSCs. In the sequential deposition process, a thin layer of PbI2 
is deposited on the substrate; formamidinium iodide (FAI) is then applied to the 
predeposited PbI2 to enable conversion to the perovskite phase. This process in-
volves crystal nucleation and growth of the perovskite phase because of solu-
tion-phase or solid state reaction between PbI2 and an organic iodide such as 
FAI. Details of synthesizing FAPbI3 films were described in previous publica-
tions [2] [10]. For the mixed halide perovskite FAMn:PbI3 films, details were re-
ferred from a reference [7]. 

To create defects, a focused ion beam (FIB, Hitachi-NX5000) was used. The 
specimens were irradiated using a Ga ion beam. Ion beam irradiation conditions 
were: acceleration voltage 30 keV, beam current 65 nA (6 s at ~100 K). A va-
cuum of about 1 × 10−7 mbar was maintained inside the column Ga can be fo-
cused to a fine probe size (500 μm × 500 µm).  

ESR measurements were performed using X-band (9.64 GHz) Bruker EMXplus 
apparatus. For the ESR measurements, polyethylene terephthalate (PET)/perovskite 
layers were prepared. Room temperature and low-temperature (5 K - 50 K) 
measurements were carried out at low microwave powers, at which magnetic re-
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sonance signals are in a non-saturated regime. Modulation frequency was 100 
kHz. ESR intensities of the signals were calculated by double integration of the 
first derivative spectra. 

3. Results and Discussion 

Figure 1 shows scanning electron microscopy (SEM) images of FAMn:PbI3 pe-
rovskite films with high (10 %) Mn concentration before FIB (Figure 1(a)) and 
after FIB (Figure 1(b)). While the film before FIB shows a compact and pin-
hole-free morphology; the film after FIB exhibits a smooth surface with some 
pin-holes. Any chemical or structural change in the surface may be responsible 
for the smooth surface.  

In Figure 2, the absorption spectrum of the FAMn:PbI3 film with high (10%)  
 

    
(a)                                  (b) 

Figure 1. Scanning Electron Microscopy (SEM) images of room temperature perovskite 
films: FAMn:PbI3 film before FIB treatment (a), and after FIB (b). Scale bar, 10 μm. 
 

 

Figure 2. The absorption spectrum (blue open circle) of the FAMn:PbI3 film with high 
(10%) Mn concentration (denoted as “high Mn”) near the bandgap was fit by Elliott’s 
model. The contribution from excitonic (green open circle line) and continuum band 
(blue dash line) transitions are also plotted. The absorption spectra of FIB-treated films 
(denoted as “FIB-treated”) are compared with the “high Mn”. 
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model. The absorption spectrum in direct semiconductors near the bandgap can 
Mn concentration (denoted as “high Mn”) near the bandgap was fit by Elliott’s 
be described using the Elliott formula, where the contributions of discrete exci-
ton transitions are added to the continuum transitions [13]-[18]. 

Elliot’s formula is given by: 

( ) ( ) ( )0 0 3 21
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where 0A  is a constant related to the transition matrix element; ω is the fre-
quency of light, θ is the step function; Eg is the bandgap; x is defined as  

( )1 21 2
ex gR E−�ω , where Rex is the exciton binding energy; nex is the principal 

quantum number, and Δ denotes a delta function. To account for inhomogene-
ous broadening, the continuum and excitonic part of Equation (1) are convolved 
with Gaussian functions. From the best fitting of the model, we extracted that 
the exciton resonance (E0) is centered at 1.589 eV. The bandgap (Eg) of conti-
nuum transitions was found at 1.60 eV, which yields an exciton binding energy 
( 0ex gR E E= − ) of 11 meV. After FIB, we noted only an increase in absorption 
intensity after FIB.  

Pristine FAPbI3 films showed no ESR spectrum. Figure 3(a) shows the ESR 
spectrum of FAMn:PbI3 with low (~1%) Mn concentration (1 mW of microwave 
power). A manganese ion will result in an EPR feature with six hyperfine lines. 
FAMn:PbI3 with low (~1%) Mn concentration showed a hyperfine sextet line 
originated from Mn++ ions. At low Mn concentrations, Náfrádi et al. also re-
ported previously well-resolved hyperfine lines for MAMn:PbI3 perovskite. [7]. 

Mn substitution with a high Mn concentration modified the magnetic proper-
ties of the system. Figure 3(b) shows the ESR spectra of FAMn:PbI3 with high 
(10%) Mn concentration measured at 0.005 mW of microwave power at 10 K. 
We see a broad ESR line shape with a peak-to-peak linewidth (ΔHpp) of about 
500 G. Náfrádi et al. previously reported a broad paramagnetic signal (linewidth 
~ about 500 G) from perovskite MAMn:PbI3 [7]; they further also showed steep-
ly increased linewidth at low temperatures (below 25 K), typical of ferromagnetic 
states. And they reported optically switched magnetism in perovskite MAMn:PbI3, 
where they observed that photo-excited electrons rapidly melt the local magnetic 
order [7]. 

In Figure 3(c), we have shown an ESR spectrum of FIB-treated perovskite 
FAMn:PbI3 with high (10%) Mn concentration. The measurements were taken 
after FIB treatment on the FAMn:PbI3 film to identify the formation of para-
magnetic defects generated by a FIB-induced process. Surprisingly, a well-defined 
sharp ESR signal was generated after FIB-treatment of FAMn:PbI3 as shown in 
Figure 3(c). Specifically, the signal showed a g-value of 2.0034 and a peak-to-peak 
line width (ΔHpp) of about 8 gauss. We obtained the sharp FIB-induced new 
peak only from the FAMn:PbI3 with high (~10%) Mn concentration; but not 
from the FIB-treated FAMn:PbI3 with dilute Mn concentration, nor from the 
FIB-treated FAMn:PbI3 film with much higher Mn concentration. We note that  
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(b) 

 
(c) 

Figure 3. The ESR spectra of (a) FAMn:PbI3 with low (~1%) Mn concentration (1 mW of 
microwave power), (b) FAMn:PbI3 with high (10%) Mn concentration before FIB-treatment 
(0.005 mW of microwave power), and (c) FAMn:PbI3 with high (10%) Mn concentration 
after FIB treatment. 
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the center of the broad resonance of FAMn:PbI3 before FIB treatment is the 
same as that of the sharp FIB-induced new peak; i.e., they have the same g-value 
(g = 2.0034).  

To determine the low-temperature properties of the defect center, ESR mea-
surements were taken between 5 K and 50 K. Figure 4(a) shows the tempera-
ture-dependent variation at low temperatures (5 - 50 K) of the new ESR signal. It 
can be seen that the ESR intensity decreases with increasing temperature. The 
lineshape of the signal (g = 2.003) is well fitted with a Lorentzian derivative li-
neshape, which implies that the isolated defect centers have relatively long 
spin-spin relaxation times [19]. The process of determining electron spin echo 
(ESE) with T1, T2 measurements is currently under investigation. This may po-
tentially provide a platform for realizing magnetic bits, information storage, and 
increased manipulation speed. 

In Figure 4(b), the ESR intensity of the signals was calculated using a double 
integration of the first derivative spectra. The doubly integrated ESR intensity 
(which is proportional to spin density) varied linearly with the reciprocal tem-
perature (as governed by Curie’s law). This Curie behavior suggests that the  
 

  
(a)                                         (b) 

  
(c)                                          (b) 

Figure 4. (a) Temperature-dependence of the ESR spectra of the new center (at 5, 7, 10, 17, 50 K). (b) 
Temperature-dependence of the doubly integrated ESR intensity. (c) The variation of the g-factor in the 
temperature range. (d) Temperature-independence of the ESR linewidth (The size of the data points in 
Figure 4 correlate to the assumed error bar). 
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electronic wavefunction of the new defect is well localized at low temperatures. 
The number of isolated paramagnetic electrons does not vary over this temper-
ature range [20]. A spin concentration of an order of ~1018 cm−3 was obtained. It 
may also be noted that the number of holes on the surface in SEM (Figure 1(b)) 
was also roughly consistent with the order of ~1018 cm−3. 

From the temperature-dependence of the ESR spectra, we can extract the 
temperature dependence of the g-factor (see Figure 4(c)) and the linewidth (see 
Figure 4(d)). As was shown in Figure 3(b), the center of the wide resonance of 
FAMn:PbI3 is the same as the center of the sharp FIB-induced new peak. Both 
may have the same origin. The only difference is that, in broad resonance, long 
distance spin correlation occurs, while isolated paramagnetic electronic spin 
contributes to the new FIB-induced sharp peak.  

We note that the g-value increases with increasing temperature in this tem-
perature range (5 - 50 K). The g value respectively increased from g = 2.0002 to 
2.0016 as the temperature increased from 5 K to 50 K. The g-factor change in the 
signal with respect to temperature may arise from additional spin correlations. 
Figure 4(d) shows the independence of the linewidth on the change in temper-
ature at low temperatures (5 - 50 K). The linewidth (ΔHpp = 8 G) did not change 
with temperature. 

4. Conclusions 

In conclusion, FAPbI3 and FAMn:PbI3 perovskite films were synthesized and 
treated by focused ion beam (FIB). The specimens were examined through SEM, 
optical absorption, and ESR spectroscopy. 

While the film before FIB showed a compact and pinhole-free morphology, 
the films after FIB exhibited a smooth surface with some pin-holes. 

The absorption spectrum was described using the Elliott formula. We ex-
tracted that the exciton resonance (E0) is centered at 1.589 eV. The bandgap (Eg) 
of continuum transitions was found at 1.60 eV, yielding an exciton binding energy 
( 0ex gR E E= − ) of 11 meV. There were no considerable differences except for 
the absorption intensity between FAMn:PbI3 and FIB-treated FAMn:PbI3 perovs-
kite films. Pristine FAPbI3 showed no ESR signal. The ESR spectra of FAMn:PbI3 
with low (~1%) Mn concentration showed an EPR feature with six hyperfine 
lines. FAMn:PbI3 with high (10%) Mn concentration showed a broad ESR line 
shape with a peak-to-peak linewidth (ΔHpp) of about 500 G. 

Surprisingly, a sharp ESR peak appeared after bombardment by focused ion 
beams. The defect showed Curie behavior at low temperatures (5 to 50 K), which 
is indicative of localized electrons at the defect sites at low temperatures. The g 
value respectively increased from g = 2.0002 to 2.0016 as the temperature in-
creased from 5 K to 50 K; the linewidth (ΔHpp) was ~8 G regardless of the tem-
perature variation. This may potentially lead to a platform for realizing perovs-
kite manganese-based magnetic bits, information storage, and increased mani-
pulation speed. 
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