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Konstantinos Papadopoulos,* Ola Kenji Forslund,* Stephen Cottrell, Koji Yokoyama,
Pabitra K. Nayak, Francoise M. Amombo Noa, Lars Ohrstrém, Elisabetta Nocerino,
Lars Bérjesson, Jun Sugiyama, Martin Mdnsson, and Yasmine Sassa*

Hybrid organic—inorganic perovskites (HOIPs) are promising candidates for
next-generation photovoltaic materials. However, there is a debate regarding
the impact of interactions between the organic center and the surrounding
inorganic cage on the solar cell’s high diffusion lengths. It remains unclear
whether the diffusion mechanism is consistent across various halide
perovskite families and how light illumination affects carrier lifetimes. The
focus is on ion kinetics of (CH;NH;)PbX; (X = Br, Cl) perovskite halide single
crystals. Muon spectroscopy (u*SR)is employed to investigate the
fluctuations and diffusion of ions via the relaxation of muon spins in local
nuclear field environments. Within a temperature range of 30-340 K, ion
kinetics are studied with and without white-light illumination. The results
show a temperature shift of the tetragonal-orthorhombic phase transition on
the illuminated samples, as an effect of increased organic molecule
fluctuations. This relation is supported by density functional theory

(DFT) calculations along the reduction of the nuclear field distribution width
between the phase transitions. The analysis shows that, depending on the
halide ion, the motional narrowing from H and N nuclear moments
represents the molecular fluctuations. The results demonstrate the
importance of the halide ion and the effect of illumination on the compound’s
structural stability and electronic properties.

1. Introduction

In the pursuit of global environmen-
tal restoration, extensive endeavors have
been undertaken to harness the sun’s en-
ergy, since the first practical silicon solar
cell was introduced in 1954.1*) Presently,
most investigations are primarily cen-
tered on the enhancement of solar cell
efficiencies, with the concurrent objec-
tive of utilizing materials that are abun-
dant on our planet. In this regard, HOIPs
have been found to effectively fulfill most
objectives.[?l The power conversion ef-
ficiency of hybrid perovskite solar cells
has been shown to reach 26.1%, rivalling
crystalline silicon cells.[>*] Given the pre-
requisite that they are produced in an en-
vironmentally friendly manner, and that
the assembly of a functional perovskite
cell is as straightforward as positioning
the perovskite absorber between an elec-
tron transport layer and a hole transport
layer, perovskite solar cells appear to pos-
sess considerable promise for fostering
sustainable growth.[2°]
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(a) (CH3NH;)PbCl; Pmma  (b)

Figure 1. Example of the orthorhombic crystal structure of MAPbX; (X =
Cl, Br) and electrostatic potential calculation for determining the muon
implantation sites. a) The orthorhombic crystal perovskite structure of
MAPbCl;, including (b) the probable locations of implanted muons. These
probable muon sites were determined from the minima of electrostatic po-
tential calculations. Intersections of the charge density in the lattice planes
(100) and (400) present the possible muon sites (pink color).

The HOIP crystals in question are a form of the ABX; sin-
gle perovskite structure.[®! They are composed of a methylam-
monium (MA) organic cation (CH;NH;)* at the A-site, a Pb?+
cation at the B-site, and a halogen anion, Br~ or Cl-, at the X-
site, as illustrated in Figure 1a. The MA molecule sits in the
center of a framework with edge-sharing PbX, octahedra. Both
MAPbBr; and MAPDCI, crystallize in the cubic Pm3m system
at room temperature.”] The Br crystal undergoes two structural
transitions, one at ~230 K from cubic to tetragonal and one at
~144 K from tetragonal to orthorhombic (see Table S2.1, Sup-
porting Information). An additional phase transition appears at
~150 K, which has been assigned to an incommensurate crystal
phase formed by the organic-inorganic coupling.l®°! For the Cl
crystal the same structural transitions occur at #175 and ~#169 K
(see Table S2.1, Supporting Information), respectively.['!]

The halogen anions are highly electro-negative, enhancing the
ionicity of the perovskite. The semiconducting properties arise
from the inorganic structure and by exchanging or mixing the
halogen ions, one can tune the bandgap energy to tailor the ma-
terial for specific applications.[!?! The reported bandgap values
for MAPDBr; and MAPDCI, are 2.39 and 3.16 eV respectively,
making them sensitive to visible and ultraviolet light.['**] Their
carrier lifetimes, as determined by photoluminescence and tran-
sient absorption spectroscopy,*>"°l cover the nano- to microsec-
ond time scale, revealing fast, and slow carrier dynamics. The ro-
tating organic cations play a crucial role in determining the struc-
ture and the stability of the crystal. These organic molecules form
permanent dipoles that can be frozen in space or possess rota-
tional degrees of freedom, which can be observed on the picosec-
ond time scale, with or without intersite correlations.[?”) These
molecular fluctuations may drive the formation of polarons that
create a dynamic screening to the charge carriers. This is the most
likely scenario put forward to explain the long carrier lifetimes in
MAPDX,.[2122]

u*SR is a well established microscopic technique in the study
of ion kinetics.[2>?*1 A recent u*SR study reported the ion dif-
fusion in the archetypal halide perovskite MAPDI, . Although
their results demonstrate a relation between the rotation of the
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(a) sample

pulsed, spin-polarized pu* beam

(b)

positron detector

Figure 2. Illustration of the u*SR set-up featuring the mounting of the
HOIP crystals MAPbX; (X = Cl, Br). a) Schematic of the s SR experiment
in EMU, ISIS. A spin polarized, pulsed muon beam hits the sample. The
positive muons are implanted at electrostatically preferable lattice sites
and their spin precesses as affected by surrounding local magnetic fields.
Following each muon decay, the emitted positrons with momentum direc-
tion statistically along the muon spins reach the surrounding detectors.
The evolution of muon spin precession can be studied from the ensemble
of detected positrons. b) Pictures of the sample holders used for the dark
and light on/off experiments. In the light on/off experiment, the sample
holder is bent to 45° for the sample to be subjected to both light and the
muon beam.

electric dipoles of MA molecules and the charge carrier lifetime
in MAPDI;, it remains ambiguous if a similar mechanism can
be extended to other halide perovskite solar cell compounds. Fur-
thermore, their study has been conducted on MAPDI, powder
sample, giving an average of the diffusion length among mul-
tiple directions and influenced by grain boundaries.[?®! Finally,
their measurement does not consider the effect of illumination,
which can drastically influence the dynamics of ions.

Here, we employ p* SR with a pulsed muon source (Figure 2a)
to study the ion dynamics in MAPbX; (X = Cl, Br) single crystals
as a function of temperature, with and without white light illumi-
nation (see Experimental Section). Contrary to powder samples,
single crystals present the advantage of studying the ion diffu-
sion along specific directions?’! and present an ideal platform
in the development of optoelectronic devices. Through our mea-
surements we extract the evolution of the internal nuclear mag-
netic field distributions of the involved ions over a temperature
range of 30 — 340 K. The fluctuation rate of the field distribution
is a direct measure of the dynamics of the ionic species. Using
muon as a local probe with well-defined implantation sites and a
wide time window of 10°~107!! s, gives spatially specific infor-
mation on the muon-lattice dynamics. Both static and dynamic
contributions to the muon spin depolarization are identified and
evaluated. Our results show that, depending on the halide ion
and the local conditions (e.g., with or without light), the motional
narrowing from H and N nuclear moments has an impact on the
structure stability and the charge carrier lifetimes.

2. Results

Zero field (ZF), longitudinal field (LF), and transverse field (TF)
1SR measurements were conducted in illuminated and dark en-
vironment (Figures 2 and 3) to characterize the local nuclear mag-
netic field distributions as a function of temperature.[?*?8] During
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Figure 3. ZF and LF u*SR depolarization spectra of MAPbBr; and
MAPbCl; in a dark and illuminated environment. The ZF and LF=5, 10,
20 Oe time spectra are recorded at a) T = 30 K for MAPbBr; and b) T =
50 K for MAPbCl3, in the dark condition and under illumination. The solid
lines are fits obtained from Equation (1).

the illuminated measurements the depolarization in the consecu-
tive light on/off periods (see Experimental Section) were identical
(see Section S.3, Supporting Information), indicating that photo-
induced ion dynamics were sustained through the light-off cycle.
In contrast, the depolarization in the constant dark configuration,
produced effectively different results.

2.1. (CH,NH,)PbBr,

The ZF and LF time spectra for MAPbBr;, collected at T =
30 K in the dark condition or under illumination, are shown
in Figure 3 with subtracted background asymmetries and nor-
malized. A Gaussian Kubo-Toyabe (KT)-like relaxation!?*%! is ob-
served together with a small offset. Therefore, the time spec-
tra were fitted using dynamic Gaussian-KT together with a non-
relaxing component:

Ay Pip(t) = Ar G (Hg, Ar, Vier £) + Agg 1)
where A, is the initial asymmetry whose values depend on the
instrument, while P is the polarisation function under ZF and
LF configurations. Ay and Ay are the asymmetry of each con-
tribution to the muon depolarization and correspond to the vol-
ume fraction of the measured sample. The KT parameters, Ay
and vy, are the field distribution width and the field fluctuation
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rate.[?°] Since weak LF is able to decouple the muon spin from the
static intrinsic fields (Figure 3a), the randomly oriented internal
field is expected to originate from I;; = 1/2, Iy =1, I, = 1/2 and
I, = 3/2 nuclear moments.

Weak LF is not expected to affect the spin—spin correlation
times in the system and the KT parameters were fitted as com-
mon parameters across the different field configurations. More-
over, Ay was kept fixed across the temperature range, a value
estimated at a low temperature measurement for which the in-
ternal magnetic field of the sample is shown to be static. The
obtained KT fit parameters from Equation (1), under these con-
ditions, are shown in Figure 4a,b as a function of temperature.
At low temperatures, no significant difference is observed be-
tween light and dark measurements. Below 140 K, A, poses
a constant value of about = 0.28 ps~'. This value is consistent
with the expected value considering a muon situated at frac-
tional coordinates (0.22, 0.25, 0.25) in the orthorhombic cell,
for which A% ~ 0.298 ps~' using the powder average ex-
pression in the Van Vleck formalism.3%3! The sudden decrease
around TZ =145 K is consistent with the incommensurate
phase transition,[®3233] evidence of which were found in X-ray
diffraction with the appearance of satellite peaks at various frac-
tion positions around the unit cell sites, as well as an additional
heat flow peak in DSC measurements (see Figure S1.1, Support-
ing Information).

The structural transitions change the nuclear coupling be-
tween lattice and muons and a new value of Ay = 0.12 ps~!
is stabilised in the tetragonal phase. Another drop is observed
around TZ) = 220 K, which subsequently infers a structural tran-
sition from tetragonal to cubic symmetry.['*32] Tt is not unex-
pected that these structural transitions are present in both dark
and light configurations as inferred from Figure 4b. It is evident
that the nuclear coupling under new symmetry cannot solely ex-
plain the magnitude of the drop in A, since there is a large dif-
ference between the calculated (solid red lines) and experimental
values. The drop can however be explained by introducing dy-
namics and is thereupon related to the local field fluctuation rate
(vkr)- We present v as a function of temperature in Figure 4a.
An exponential-like increase is observed from lower tempera-
tures and up to about T¢;. This increase resembles an Arrhenius
activation, and the calculated activation energies are tabulated in
Table 2. Additionally, the corresponding fits are presented in the
Figure S3.3 (Supporting Information). A second increase is ob-
served approaching Tg;. The value and behavior of v, is similar
to what was observed for MAPDI,.3*] Past i+ SR work on MAPDI,
suggested this increase to stem from fluctuations caused by the
rotations of the MA molecule.l?>3*] Consequently, the decrease
observed just above T2 was explained as motional narrowing
associated to the dynamics of H atoms, and further increase of
vgr at higher temperatures was asserted to be due to I diffusion.
Given the resemblance in behavior of MAPDBr;, it is naturally
reasonable to assume that a similar mechanism is behind the ob-
tained temperature dependence. However, the proposed scenario
has not yet been validated.

In order to confirm the premise, we have calculated the ex-
pected internal field distribution widths A, at the muon sites,
for their respective crystal symmetries. Table 1 summarizes the
calculation results of the expected A, for each crystal symmetry,
at the expected muon sites. The electrostatic potential minima
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Figure 4. Fitting parameters from the MAPbBr; and MAPbCI; u* SR depolarization spectra. Temperature dependent a) field fluctuation rate (vy7) and b)
field distribution width (A) of MAPbBr; in dark and illuminated configuration, obtained using Equation (1). Temperature dependent c) field fluctuation
rate (vir) and d) field distribution width (A) of MAPbCl; in dark and light configurations, obtained using Equation (1). The dashed lines mark the
structural transition temperatures. The solid lines in (a,c) are a guide to the eye, while in (b,d) are the calculated values in the static and motionally

narrowed case (see Table 1).

(Figure 1b) suggest two muon sites with fractional coordinates
450 (022, 0.25,0.25) and 1,1 (0.0, 0.5, 0.5).

The results are shown as solid lines in Figure 4b. The agree-
ment of the calculated values (A$) with the measured values in
the orthorhombic phase confirms the y; muon site determined
via our method. However, mismatches are observed in tetrago-
nal and cubic phases. In other words, the nuclear coupling un-
der new symmetry cannot explain the total magnitude of the
drop. In fact, the calculated value (calc. narrowed) sets a lower
boundary to the measured value if H and N contributions are

Table 1. Calculated local field distribution widths. The local field distribu-
tion widths (A5, X = Cl and Br) for the respective muon sites, for each
crystal symmetry, calculated in the Van Vleck limit. The value in which the
MA cage is motionally narrowed (A;‘(a"m”ed) is also included.

Muon site  ASite [ys71]  Agamowed [y=T) o pstatic [gmT) - pnarrowed 451
usrhe 0.185508 0.010777 0.298856 0.035615
e 0.115962 0.010481 0.200948 0.037521
e 0.117299 0.010587 0.152858 0.049387
ugrhe 0.115822 0.023163 0.189069 0.069558
Hy 0.118294 0.024104 0.289017 0.018813
e 0.120129 0.023462 0.314969 0.045232
Adv. Physics Res. 2024, 3, 2300120 2300120 (4 of 8)

excluded from the calculation. This suggests that the field distri-
butions associated to H and N nuclear moments are motionally
narrowed!?3®! and is consistent with the scenario put forward
in the past;** the drop in v, at T2 is caused by motional
narrowing associated to the MA cage. This scenario is also en-
dorsed by the endothermic minima of the MDSC non-reversible
component (see Figure S1.1, Supporting Information). An anal-
ysis using quasi-elastic neutron scattering!?!l and nuclear mag-
netic resonance studies,[3°-38] where the rotational freedom of the
MA cage increases in the tetragonal and cubic phases compared
to the orthorhombic phase, also supports this proposed frame-
work. Therefore, we conclude that mainly Br nuclear moments
contribute to the increase of vy at higher temperatures. Interest-
ingly, there is a large difference between dark and light configura-
tions in vy at low temperatures, and is further discussed below.

2.2. (CH,NH,)PbCl,

The ZF and LF time spectra collected for MAPbC, at T = 50 K
are shown in Figure 3b. Similar to the X = Br compound, a KT
and an offset signal is manifested in the time spectra. In this
case, the KT signal is the effect due to I, I, Iy, and I = 3/2
nuclear moments. Equation (1) was used in order to fit the time
spectra as a function of temperature, under the same conditions
as described above and is shown in Figure 4c,d. Ay shows a
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Table 2. Calculated activation energies (E,) for MAPbBr; and MAPbCl;,
below T, in the dark and light environment. The references include E,
results in the same temperature range.

Sample Ed=rk[meV] '™ [mev] Ref,
MAPbB, 37.2(9.7) 27.3(9.7) [39-42]
MAPbCI, 170.8(29.8) 105.4(81.5) [40-44]

temperature independent behavior at low temperatures. The
value »~ 0.23 ps™' is in agreement with the expected local field
value at the (0.22, 0.25, 0.25) muon site, in the orthorhombic
phase. We should however note that the main result presented
here is not dependent on the specific muon site. Regardless, Ay
experiences a sudden drop around TS, = 172 K, which is consis-
tent with a structural transition temperature.['!] Once again, this
transition changes the nuclear coupling with the muons. Unlike
the X = Br compound, Ay is not stabilized onto another value
but a continuous decrease is observed in the tetragonal phase.
The origin is discussed later on. A final structural transition
is present around TS} = 190 K and results in a second drop of
Ay, which stabilizes at a value Ay ~ 0.1 ps~!. These structural
transitions are present in both light and dark configuration.

The local field fluctuations rate, vy, is shown in Figure 4c. An
exponential like increase is observed at lower temperature up to
Tg} The Arrhenius fits are presented in the Figure S3.3 (Support-
ing Information) and the activation energies for both the light
and dark environment are documented in Table 2. The E, val-
ues decrease with illumination, but increase with halide substi-
tution depending on ionic size and hydrogen bonding strength,
as reported in previous studies. As already mentioned, a similar
increase in v was observed in MAPDI,[253* and was previously
speculated to be due to fluctuations from the MA molecule, for
which the sudden decrease was explained by motional narrowing
from H moments. Similar to the X = Br sample, the increased dy-
namics are indicated by the DSC non-reversible heat flow com-
ponent (see Figure S1.1, Supporting Information). We have cal-
culated the local field arising from nuclear moments at the muon
sites in their respective crystal symmetries, to support this assess-
ment.

The results of our calculations for each crystal symmetry are
presented in Table 1 and are shown as solid lines in Figure 4d.
Once again, the calculated static value is comparable with the ex-
perimental values in the orthorhombic phase. However, in the
(CH;NH;)PbCl, case the static calculations continue to produce
a better fit for the tetragonal and cubic phases in contrast to ex-
cluding H and N contributions. It is expected that the lighter and
more electronegative Cl will form stronger hydrogen bonds with
the MA molecule, which as a result stabilizes the structure.[**#7]
Mostly Cl nuclear moments are expected to contribute to the in-
crease of v at higher temperatures. The temperature dependence
of vyt seems comparable between light and dark modes but dif-
ferences are present at lower temperatures and the origin is dis-
cussed below.

3. Discussion

The analysis on muon depolarization spectra for MAPbBr; and
MAPDCI, has confirmed the structural transitions!!*!* and given
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evidence of increasing MA* fluctuations and Br~,Cl- diffusion!*?!
as the crystal structure evolves from orthorhombic to tetrago-
nal, to cubic crystal symmetry with increasing temperature. The
calculated local field values for both static and motionally nar-
rowed MA™* are presented together with the experimental re-
sults. A similar framework was considered previously in the
same and sister compounds.[21-3+495%] In the MAPbI, compound,
the temperature dependence of the field distribution width was
shown to coincide with photoluminescence carrier lifetimes as
a function of temperature.l?! Furthermore, MA* has a perma-
nent electric dipole moment, the fluctuations of which result to
an abrupt increase of the complex permittivity components at
T, 1771 Tt is thus of high interest to study complex permittivity
measurements at frequencies near the charge carrier lifetimes
of those compounds!>?! and determine possible correlations be-
tween charge carriers and MA*.

The effect of illumination is indirectly observed but evident
in the vir and Ay evolution with temperature. For both sam-
ples, the effect of the flash lamp is most prominent below T,
where MA cage fluctuations are initiated. In fact, the peak fea-
ture of vyr is shifted to lower temperature under illumination.
Coincidentally, the sharp drop of Ay seems to be occurring at
lower temperature as well. This suggests that the structural tran-
sition taking place at T, is driven by MA motion, specifically
C3 rotation. This assessment is in line with quasi-elastic neutron
scattering measurements?!l in which the relaxation time of the
rotational motion around the C3 axis seem to exhibit a plateau
below T¢;.

A question remains however, why are the MA cage fluctuations
affected by the illumination. From the presented data, it appears
that illumination is enhancing the MA dynamics, as evidenced
from the temperature shift of the lower peak and the increase
of vgr in terms of absolute value. Recent studies proposed a re-
lationship between carrier lifetime and MA fluctuations.[23>4]
The long carrier life was ascribed to the dynamic motion of MA
molecules, in which dynamic screening via formation of polarons
protects the carriers. It is currently believed that the MA dynam-
ics is driving the formation of polarons and thus increasing the
lifetime of the carriers.[225%] Our results suggest that these effects
appear in symbioses. By exciting electrons and inducing electron
carriers, the dynamics of the MA cage is enhanced and is likely
resulting in the formation of polarons.

The high temperature behavior of vy, was ascribed to Br
and Cl dynamics, respectively. For the X = Cl sample no sig-
nificant difference is observed between dark and light configu-
ration. Similarly, the X = Br sample does not show any large
differences. While we cannot fully exclude the possibility of
diffusing muons above 150 K, future negative y~SR measure-
ments can experimentally determine the diffusing species.l>®
One may argue that the Br diffusion is lower in light config-
uration. However, the number of measurement points need to
be increased in order to further comment on the origins or the
validity of this effect. With that said, it has been suggested that
electronic carrier diffusion can either enhance or suppress ionic
diffusion through ambipolar transport.””! Also, we should note
that the efficiency of solar cells can be improved by restrict-
ing the diffusion of these ions. In fact, partial substitution of I
with Br*! showed that the activation energy of I diffusion in-
creases. In other words, partial cation substitution may restrict
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Figure 5. The initial asymmetry of MAPbBr; and MAPbCl; with and without illumination. The initial asymmetry (A,), estimated in TF configuration for

a) MAPbBr; and b) MAPbCl; in the dark and light configurations.

the diffusive behavior and thus increase the overall solar cell
performance.

The diagmagnetic sample fraction is estimated from the TF
precesion amplitude (Figure 5). Its temperature dependence is
observed in the initial TF asymmetry (4,), in good agreement
with previous dielectric studies.”!! The residual missing frac-
tion probably originates from muonium typically formed in semi-
conducting/insulating materials because of the lack of electron
screening.®®%11 A muonium quasi-atom is formed when a pu*
captures an e”. The capture cross section is inversely propor-
tional to the dielectric constant, which can explain why the muo-
nium formation is more prominent in MAPDbCI,.[®?] With this
in mind, we would like to conclude with a last remark on the
possibility of monitoring hydrogen kinematics through the study
of muoniums. Recently, it was reported that highly diffusive
H* impurities are present in MAPDI,,[%] hampering the solar
cell’s performance. This is a common issue with semiconducting
materials, where p*SR has been successfully employed to fur-
ther our understanding on the fundamental aspects of hydrogen
kinematics.[6+65]

4. Conclusion

The current study presented u*SR measurements on single crys-
tal, HOIPs MAPDX, (X = Br, Cl), in which the static and dynamic
changes of internal, nuclear magnetic fields were measured as a
function of temperature and magnetic field. Atlow temperatures,

Adv. Physics Res. 2024, 3, 2300120 2300120 (6 of 8)

the onset of MA molecule fluctuations is found to drive the or-
thorhombic/tetragonal structural transition. The presented data
suggest Cl~ and Br~ diffusion to take place at high temperatures.
By illuminating the sample, the number of excited carriers can be
increased. This has an effect on the lattice dynamics of these sys-
tems as the MA cage dynamics are enhanced when the number of
carriers increases. The interaction between photogenerated car-
riers and MA ions supports the idea of screening via formation
of polarons, facilitating the appearance of long carrier lifetimes
in these compounds. The next step concerning y*SR would be
a controlled, laser illumination with measurements in various
crystallographic directions to access detailed diffusion informa-
tion of all ionic species. Finally, muonium formation was ob-
served that opens up the possibility to study hydrogen kinematics
in the title compounds in future y*SR studies.

5. Experimental Section

Single crystals of MAPbBr; and MAPbCl; were grown according
to Ref. [66]. Differential scanning calorimetry (DSC) and temperature-
modulated DSC were performed on both crystals to macroscopically iden-
tify the structural transition and molecular fluctuation occurrences (see
Figure S1.1, Supporting Information).

The SR measurements were conducted at the pulsed surface muon
beam-line EMU at ISIS.[®7] Rectangular single crystal pieces were aligned
on Ag holders and mounted in the fly-pass configuration. The crystals were
wrapped in Ag foil for measurements in the dark. For measurements in
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an illuminated environment a transparent, 10 um Mylar film was used in-
stead, and the sample was mounted at 45° (Figure 2b) making it pos-
sible to accommodate both light and muon pulses. The samples were
measured in ZF, LF, and TF geometry, where transverse and longitudinal
magnetic field refers to the applied field direction with respect to the ini-
tial muon spin polarization. For the measurements under illumination, a
NISSIN SX-100 XENON flash lamp was used with a spectral distribution
0f 250-1020 nm covering the reported absorption spectra of these samples
in the ultraviolet and visible range.['"68-70] The flash lamp was operated
with intensity 1.52 m)/pulse, but pulsed at 50 Hz in order to minimize
the temperature increase caused by light irradiation. The relative intensity
was stable at & 20% between 750-370 nm and decreased below 370 nm.
Spectra were recorded during two periods of 10 s, light on and off, with 500
muon pulses being recorded in each state. The 80 ns wide muon pulses,
each containing a few hundred muons, were implanted in the sample at
50 Hz, synchronously with the light on and off cycle. Data acquisition al-
ternated continuously between the two states for the duration of the run.
The software package musrfit was used to analyze the data.[”"]

The electrostatic potential of the compounds was calculated with DFT,
determined via a self consistent run using the pseudopotential-based
plane-wave method as implemented in Quantum Espresso.[?] The pseu-
dopotentials are based on [73, 74]. This calculation was performed for all
crystal symmetries the system exhibits between 100 — 300 K; orthorhom-
bic, tetragonal, and cubic structures. The electrostatic minimum was as-
serted to be the muon site (Figure 1b). It was noted that local distortion
due to the implanted muon was not considered.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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