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Abstract:

Halide perovskites doped with magnetic impurities (such as the transition metals Mn?*, Co?*, Ni*")
are being explored for a wide range of applications beyond photovoltaics, such as spintronic
devices, stable light-emitting diodes, single-photon emitters, and magneto-optical devices.
However, despite several recent studies, there is no consensus on whether the doped magnetic ions
will predominantly replace the octahedral B-site metal via substitution or reside at interstitial
defect sites. Here, by performing correlated nanoscale X-ray microscopy, spatially and temporally
resolved photoluminescence measurements, and magnetic force microscopy on the inorganic 2D
perovskite Cs,PbIClo, we show that doping Mn?* into the structure results in a lattice expansion.
The observed lattice expansion contrasts with the predicted contraction expected to arise from the

2* does not replace the Pb>" sites.

B-site metal substitution, thus implying that Mn
Photoluminescence and electron paramagnetic resonance measurements confirm the presence of
Mn?* in the lattice, while correlated nano-XRD and X-ray fluorescence track the local strain and
chemical composition. Density functional theory calculations predict that Mn?* atoms reside at the
interstitial sites between two octahedra in the triangle formed by one CI" and two I atoms, which
results in a locally expanded structure. These measurements show the fate of the transition metal
dopants, the local structure, and optical emission when they are doped at dilute concentrations into

a wide band-gap semiconductor.

Keywords: halide perovskites, crystal structure, transition metals, doping, density functional
theory, strain mapping, nano X-ray diffraction

The use of wide band-gap semiconductors as hosts for metal doping has been widely explored over
the past couple of decades to create dilute magnetic semiconductors that can potentially
demonstrate ferromagnetic behavior at ambient conditions. While there have been a wide range of
semiconductor material systems that have been used as hosts, the choices for the magnetic dopants
have been mainly transition metals, such as first row metals (Mn?*, Co**, Ni**, Cu?*") and
lanthanides (Eu?*, Er**, Sm*', Yb*")."?2 Out of these, there has been extensive work on the
incorporation and effects of Mn?".3#* This includes structural and chemical changes, dopant
destination (spatially), and energy transfer dynamics of host to Mn?" that results in a signature 580-

600 nm emission. Prominent host materials have been Zn(S,Se,0)!>678%10 or Cd(S,Se)%!!1-12.13



nanocrystals and quantum dots, or III-V semiconductor films and nanowires.!*!316:17:18 Notable
performance improvements in optoelectronic applications of these semiconductors in solar cells'
and hot electrons for photocatalysis?® have been reported. However, more intriguing has been the

observation of magneto-optical and magneto-transport properties?!-?223-24

which includes high
temperature ferromagnetic semiconductors (up to 425 K for doping < 4 at %),>*%?7 spin
injection,”® and spin polarized emission®-%3! for potential spintronics. Interestingly, the
mechanism of incorporating Mn?* atoms either through substitution of a host metal or at interstitial
sites has shown to significantly impact these magnetic properties, such as dopant clustering
nullifying the magnetic moment or interstitials disrupting ferromagnetic ordering and carry

15,25

densities, where different synthesis strategies have demonstrated effects on dopant

incorporation. For example, lower temperature growth or decrease in film thickness resolving in

21.25 chemical vapor deposition promoting substitution,?” and post-growth

less dopant clustering,
annealing aiding out-diffusion of interstitials in thin films.!> Furthermore, semiconductor hosts are
continually being investigated to overcome the limited host emission tunability, impurity
tolerance, and taxing synthesis processes of the previously described materials.>?

Inspired by their exceptional optoelectronic properties, chemical and structural tunability,
and solution processed synthesis??:33:34.33:36.37.38 hoth 3D (ABX3, where A = organic or inorganic
cation, B = divalent metal cation, X =1, Cl, Br) and 2D (A2’ An-1BnX3a+1, Where A’ = spacer cation,
such as Cs* and MA™) halide perovskites (HaPs) are being used as hosts for doping with
ferromagnetic divalent metal ions with the goal of exploring applications in spintronics, non-linear
optics, and quantum information.*® Incorporation of the transition metals into HaPs can occur via
two pathways: by substitution with the B-site divalent metal or by occupation of interstitial sites
in the lattice. Depending on the incorporation type, the dopant would affect the system differently,
leading to distinct changes in the lattice and band structures creating measurable structural and
optical signatures.

A popular magnetic metal dopant of choice has been Mn?*, which has been widely used to
dope HaPs. While initial challenges existed in incorporating Mn?" into the lattice, recent work has
shown efficient doping of Mn?* in high ratios through increasing temperature synthesis,*® where
an improvement in the stability of certain HaP hosts has also been observed. The enhanced stability
is thought to arise from the formation of a much stronger Mn-Cl bond.*! Once doped, it exhibits a

characteristic emission at 2.066 eV (600 nm) attributed to the transition in mid-gap states formed



by the Min?* d-orbitals (*T; — 6A;) through an efficient energy transfer from the ground state exciton

43.44.45.46.47.48 The emission from

in HaPs, where the fundamental band-gap remains unaltered.**
Mn?* is also associated with a photoluminescence lifetime of micro- to milliseconds attributed to
the spin forbidden nature of the transition.*>#*>% Recent reports have additionally shown that the
emission energy is tunable dependent on synthesis and precursor ratios.*!**>-2 For example, Sun et
al. demonstrated orange-red emission in 25% Mn:PEA;PbBr4 (PEA = phenethylamine) through
increasing local crystal field strength by incorporating additional amounts of the PEA cation.>?
Further, similar to III-V and row IV-semiconductors, Mn?** doping has shown to produce
ferromagnetic properties in nonmagnetic perovskite hosts.>*3-> The observations of these optical
and magnetic phenomena have been useful in validating the presence of Mn?* dopant in samples
and for magneto-optical applications. However, there is a lack in understanding the dopant
incorporation type in these systems.

Recent literature has delved into studying the structural phenomena that occur when metal
dopants are introduced into the lattice of both all-inorganic and hybrid HaPs. However, there are
conflicting reports on the observed structural changes across HaP micro- and nanocrystal
structures. Based on Goldsmith’s tolerance factor, Mn?" is expected to replace the B-site divalent
metal at the center of the metal-halide octahedra similar to other dilute magnetic semiconductors,
such as Mn?* substituting divalent Zn?" in the center of the metal-oxide tetrahedra in Zn0O.? Given
the smaller size of Mn?" (ionic radius of 0.97 A) compared to the B-site metal, such as Pb** (1.33
A),>7 a contraction in the lattice is expected and has been reported through XRD measurements in
many inorganic structures with >1% nominal doping.***}-2 For example, Acharya et al. showed a
minor contraction through powder XRD in 2-5% Mn?* doped Cs,PbI>Cl, nanocrystals.’® On the

44.45.54 in the d-spacing

other hand, in these low doping amounts, Dutta ef al. measured no change
for 1.7% Mn?" doping in Cs>PbI>Cl, nanoplatelets,® and in contrast, Das Adhikari et al. showed
an expansion in the lattice for 2% Mn?* doping in CsPbCls nanocrystals.®® Comparatively, a variety
of Mn?" doped hybrid HaPs micro- and nanocrystal structures have also reported the expected
lattice contraction for substitutional incorporation,33:61:62:63.6465 Agqin_ in these doped hybrid HaPs
systems similar to the inorganic systems, there are further reports of no change in the lattice. 47!
In either inorganic or hybrid HaPs, the connection to the host lattice or dopant density of
Mn?* and structural changes remain unclear, where characterization has been limited to

macroscopic observations through conventional XRD techniques. Similar reports on macroscopic



structures, such as thin films, have also shown both contraction and expansion,®®$” but propose an
explanation based on dopant incorporation mode. For example, Sun et al. observed expansions in
the lattice of MAPDI; films with an increased amount of Mn?* dopant attributed to the soft lattice
nature of the film that allowed for the Mn?* ions to be located in a variety of interstitial positions
creating charges at grain boundaries.®® In contrast, interstitial positions would exist in much
smaller volume in the micro- and nanostructures explored above. We may hypothesize that
expansions in the lattice occur as the Mn?* dopant resides at interstitial sites initially, where the
overall contraction from the expected substitution dominates at higher doping amounts. The
majority of studies that report no change in d-spacing is at these lower doping regimes and result
from the incorporated dopant fraction being too small to be picked up by bulk measurements. Local
probing is needed, thus motivating our study.

Here, we performed comprehensive structural characterization to understand Mn** doping
into the all-inorganic Ruddlesden-Popper 2D HaP, Cs;Pbl,Clo. With the goal of understanding
discretized dopant-host interactions and local structure, we focus on incorporation of dilute doping
concentration 0.1% Mn?>". By leveraging the advanced confocal X-ray microscopy technique,
along with optical and magnetic methods such as magnetic force microscopy and electron
paramagnetic resonance, we track the local nanoscale strain and chemical concentration of the 2D

inorganic perovskite. Contrary to previous reports>®>°

and as anticipated from the Goldschmidt’s
tolerance factor, we observe an overall lattice expansion across different Mn?" dopant
concentrations. DFT simulations predicts lattice expansion arises from Mn?" dopants occupying
interstitial sites in the voids between the octahedral CI and I, thus supporting our experimental
findings. These fundamental results show the fate of magnetic divalent metal ions doped into the
host perovskite lattice and may be potentially relevant for the design of single photon emitters for

a wide range of applications.

Results & Discussion

The inorganic 2D HaP CsyPbl>Cl; single crystals were synthesized using a standard melt
growth process. Briefly, stoichiometric amounts of CsI and PbCl> were sealed in a silica tube
(Figure S1) and heated to 500°C above the melting point of the precursors then allowed to slowly
cool to form crystals with the targeted stoichiometry.® To achieve the nominal doping amount of

0.1-10% Mn?*, the respective molar amount of PbCl> was substituted by MnCl; in the reaction.



The pristine 2D perovskite lattice consists of a single layer (n = 1) of the PbI,Cl>* octahedra with
Cs" cations acting as the spacer between the octahedra, thereby creating a layered material as
illustrated in Figure 1a.% This schematic shows the tetragonal (lattice parameters a=b#c)
Ruddlesden-Popper phase, where the octahedra and spacer cation layers are offset by half a unit
cell. The out-of-plane peak (001) is denoted by the horizontal yellow line in Figure la, whose
planes are perpendicular to the stacking axis (c-axis); whereas the in-plane peak (hk0) has planes
perpendicular to the a and b-axis. Because of this, the (001) reflections relay information on the
layer stacking of the material, while the (hk0) reflections give details on the layers themselves.
Figure 1b compares the powder XRD patterns of the 2D perovskites doped with nominal 0-10%
Mn?* with the simulated diffraction pattern for the known tetragonal Ruddlesden-Popper crystal
structure of Cs,Pbl>Cla. Here, the three out-of-plane peaks (002), (004), and (006), along with the

in-plane peak (110), are denoted. The diffraction pattern matches with the simulated pattern for
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Figure 1. Bulk Structural Characterization. (a) crystal structure of Cs>PbI>Cl, (Colors denote

Pb-black, Cs-mint green, I-purple, Cl-green) (b) PXRD spectra for 0-10% Mn?* nominal doping

(¢) Rietveld refinement of the (006) peak for 0-10% Mn?* nominal doping (+0.01°) (d) in-plane

(£0.003A) vs out-of-plane (£0.007A) lattice parameter changes as a function of Mn doping (e)

EPR signal and (f) PL of Mn*" signal for 1-10% Mn?* nominal doping.



the intrinsic reference crystal, thus validating tetragonal Ruddlesden-Popper phase of Cs2Pbl>Cls.
Closer examination of the in-plane and the out-of-plane peaks were conducted using Rietveld
refinements, which revealed a slight shift to lower diffraction angles with increasing Mn?" doping
concentration. Specifically, the (110) peak showed a maximum change of 0.009 + 0.001 A-' (A20
=0.12°40.01°) (Table S1), and the (006) peak a maximum change of 0.010 & 0.001 A! (A20 =
0.14°+0.01°) with increasing Mn?* doping as shown in Figure 1c. The 0.1% Mn system did not
show a shift in the diffraction peaks, but we observe a slight broadening of 0.003 4 0.001 A"' (A20
=0.04°1+0.01°) in the full-width-half-maximum (FWHM) of the out-of-plane (006) peak (Table
S1). We hypothesize the increase in the FWHM derives from the inhomogeneous incorporation of
the dilute amount of Mn?" dopant. For samples doped with higher concentrations of Mn?*, a lattice
parameter expansion is observed in both the out-of-plane and in-plane directions of up to 0.48%
and 0.53%, respectively (Figure 1d). Interestingly, both parameters have an initial increase up to
1% Mn?* doping that then remains generally constant within error for increased doping of 1-10%
Mn?*, indicating the effect saturates. Based on the Goldschmidt’s tolerance factor, the
substitutional replacement of Pb** with Mn?'is expected to result in an overall contraction in the
lattice (smaller Mn?" replacing the larger Pb?").%%% In contrast, we observe an overall expansion
of the lattice upon Mn?" doping for all concentrations. This expansion suggests that the Mn**
dopant must reside at interstitial sites within the crystal lattice.

To confirm the presence of the Mn?" atoms in these samples, electron paramagnetic
resonance (EPR) and photoluminescence (PL) spectroscopy were conducted due to the
paramagnetic nature of Mn?" and the distinct yellowish-orange emission (Figure le,f). We note an
EPR signal was retrieved around 350 mT for 1-10% Mn doping concentration, and a correlated PL
emission at 2.09 eV (594 nm) was observed for the same samples independent of the doping
concentrations. Interestingly, the EPR signal decreases from the 5% to 10% Mn?* concentration,
conversely, the PL emission grows in intensity with increased doping amount. Because of this, the
drop cannot be attributed to a lowering amount of Mn?* in the sample. Instead, single Mn** atoms
are paramagnetic in nature, but induced coupling is known to occur between Mn?* atoms in close
approximation to each other producing antiferromagnetic clusters.> Therefore, a decrease in EPR
signal was observed with clustering as once measurable unpaired electrons couple together with
electrons of opposite spin in surrounding Mn?* atoms.>* This confirmed the presence of Mn?*

atoms in the 1-10% Mn:Cs2PbI>Cl, samples with tendencies to cluster at higher doping amounts.



Moreover, PL spectroscopy performed on the series of samples for 1%, 5%, and 10% Mn?** doping
remains invariant. Therefore, in order to truly understand local doping on the structural properties
and disentangle the effects of conglomeration and Mn-Mn interactions with the ultimate goal of
creating single photon emission sites, we focused on the Mn:Cs2PbloCly system with 0.1% doping
as described in the remainder of the manuscript. The existence of Mn?" and spatial characteristics
were investigated using steady-state and time-resolved PL and magnetic force microscopy (MFM),
while local structural changes (resolution of 20 nm) were investigated through correlated
nanoscale confocal XRD (nanoXRD) and X-ray fluorescence (nanoXRF) imaging.

Figure 2a shows the absorbance spectra (black) and the corresponding photoluminescence
spectra (red) of each sample obtained by making a crushed powder on a quartz substrate (see details
in Methods). The absorption and PL spectra for the undoped sample are in good agreement with
previous measurements on CsaPbI>Cl,, exhibiting an onset of absorbance and PL emission at 2.88
eV (430 nm).® For the doped sample, while the absorbance spectra is almost identical to the
undoped sample, the photoluminescence spectra showed another distinct peak at 2.06 eV (602
nm), which was not present in the PL spectra of the undoped sample. The peak position is slightly
lower in energy, red shifted by 0.03 eV, from the PL signal measured on the higher doped samples.
Nevertheless, this is in good agreement with previous results of a Mn?* induced PL signal around
2.07 eV (599 nm)>*¢%64 and confirms the presence of Mn?" in the 2D perovskite. To gain a deeper
insight into the optical properties, we performed time-resolved PL measurements on the 2.06 eV
(602nm) emission peak to characterize the PL decay kinetics (Figure 2b), where the PL kinetics of
the intrinsic PL emission (2.88 eV) were previously measured and detailed by our collaborators
which showed an average decay lifetime of 3.7 ns.® A monoexponential decay fit was made to the
signal peak (black curve) up to 2 ms, as shown by the red line, where the fit parameters can be
seen in the Supporting Information. Compared to the nanosecond PL lifetime of the intrinsic
emission, the fit reveals a PL lifetime of 480 us, whose long lifetime is indicative of the spin
forbidden Mn?* d-shell transition *T; — °A;.*? The observation of a 2.06 €V emission aligns with
our measurements on higher dopes samples, and the long PL lifetime on the scale of microseconds
is in agreement with current literature on Mn-doped 2D HaPs.*"-> Therefore, the PL data confirms

the incorporation of Mn?* into our 0.1% Mn:CsPbI>Cl, sample.



Due to the magnetic nature of Mn?* atoms, spatial characterization of the dopant was
investigated with the aim of finding magnetic signatures using magnetic force microscopy (MFM)
across a 2D region on single crystal samples. The Mn:CsPbl>Cl, sample exhibits drastically
different MFM images compared to undoped CsPbLCl, (Figure 2c,d). As shown in Figure 2d,
small attractive magnetic domains with diameters around 30 nm can be found on the 0.1%
Mn:Cs2PblbCl> sample with very high contrast, which are denoted by red-dotted circles. As
described in the Methods section, the atomic force microscopy (AFM) tip is lifted off from the
sample surface, leading to a broadening effect on the feature sizes thus implying that the true sizes
of these magnetic features are even smaller. We note that many features manifesting strong
repulsive forces (bright regions in Figure 2c) due to strong short-range tip-sample interactions in
tapping mode phase images do not show up in the MFM phase images (Figure 2d). Unlike the
tapping mode where the phase shift caused by short-range tip-sample interactions and magnetic
forces are convoluted, the MFM phase image provides much higher contrast for the magnetic

domains. Interestingly, the domains found in MFM phase images are smaller than and different
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Figure 2. Optical and magnetic characterization. Above band-gap excitation (a) PL and
absorbance spectra (b) time-resolved PL of the 0.1% Mn?* sample at 602 nm (2.06 eV) with
mono-exponential fitting, where IRF is the instrument response function. MFM (c) tapping
mode of undoped (left) and 0.1% Mn?* (right) Cs2PbI2CI2 (d) magnetic phase mode of undoped
(left) and 0.1% Mn?* (right) Cs2PbI2CI2. Scalebar is 60 nm. White-dotted circles denote
tapping mode features, while the red-dotted circles denote magnetic phase only features.



from the corresponding features on the topographic phase (Figure 2¢) and height images (Figure
S2). This allows us to identify artifacts arising from topographic crosstalk, as denoted by white
dotted circles. In contrast, the undoped sample does not show any of the high contrast, attractive
magnetic domains in the MFM phase image (Figure 2d). The features on the MFM phase image
largely resemble those found in both topographic phase (Figure 2c) and height images (Figure S2)
in terms of their shapes and sizes. Moreover, the contrast of these features compared to the
background on MFM phase images (Figure 2d) is even lower than that found in the corresponding
topographic phase images (Figure 2c¢) thus indicating that all the features in the MFM phase image
of undoped samples can be identified as non-magnetic artifacts. These measurements reveal the
inhomogeneity in the spatial incorporation of Mn?* atoms and suggests clustering of the Mn?*
dopant.

To explore how the Mn?" dopant incorporation affects the local crystal structure of
CsoPbIxCly, nanoscale strain in micrometer-sized cleaved single crystals were investigated through
changes in the d-spacing. The magnitude and the mapping of these localized lattice changes in the
structure of the perovskite was obtained through nanoscale scanning X-ray microscopy (Figure
3a). This technique measures the correlated nanoXRD and nanoXRF signatures while scanning
across the same area of the crystal. Because of the high energy and small beam size of the
nanoprobe, the system can penetrate into the bulk of the material and map a 2D region down to 20
nm x 20 nm in resolution. The stability of the crystal under the radiation of the synchrotron source
was confirmed through a time series measurement due to the hard-probe nature of the system
(Figure 3b). The nanoXRD returns a CCD camera diffraction map (Figure S3), whereby
integrating along constant theta lines can be used to interpret the d-spacing at each 20x20 nm spot.
In addition, we also measured the nanoXRF, which measured the element dependent integrated
fluorescence intensity at each spot (Figure 3d). The diffraction detector was set up to perform high-
resolution profiles of the out-of-plane (006) peak. This higher order peak was chosen because of
the 20 range limitation of the apparatus and the pronounced signal in the bulk single crystal XRD.
A theta tilt series was conducted to find the best Bragg condition through finding the max
diffraction intensity by slight variations in the incident angle (6;) (Figure 3c¢). The undoped
Cs2Pbl2Clz sample showed a Bragg peak at 8; = 13.8°, and while Mn:Cs2Pbl>Cl, also showed a
peak at 6; = 13.8°, an equally strong peak at 6; = 13.6° further emerged as illustrated in Figure 3c.

The diffraction maxima at 8; = 13.6° indicates that an additional Bragg condition arises in the Mn-

10



doped sample. An average diffraction spectrum across a 1 um x 1 um region of both the Cs,PbI>Cl>
and Mn:Cs2Pbl>Cl; crystals are plotted at the undoped Bragg condition (6; = 13.8") (Figure 3e). In
agreement with our bulk powder and single crystal XRD, a distinct widening of the doped sample
peak was observed. When performing the same analysis at the second Bragg condition (6; = 13.6°),
the doped sample showed a low angle shoulder implying an expansion in the out-of-plane direction
(Figure 3f). The structural diffraction peak for the undoped sample was at 7.51 A"! (20 = 27.32°),
while the additional feature in the doped 2D perovskite was at a lower d-spacing of 6.99 A~ (20 =
27.08°) consistent with the observations from bulk single crystal XRD.

With the correct Bragg conditions derived, the 2D single crystal physical boundaries were
mapped out using the XRF signal from iodine since it exhibited the strongest intensity (Figure 3d).
A1 um x 1 pum regions of both undoped and doped crystals were chosen for mapping of structural
characteristics and are denoted by the blue dotted rectangles in Figure 3d. The centroidal 20 was
derived from the integrated nanoXRD intensity at each step and was used to calculate the d-spacing

through Bragg’s law. For the undoped system, there was a gradual d-spacing change over the
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region from left to right as seen in the change from cool to warm colors (Figure 4a). The left side
of the region mapped sits along the edge of the crystal, as seen in the Figure 3d. Hence, this can
be attributed to edge effects, which can cause spatially large and gradual strain in the sample. Here,
this smooth effect specifically relates to a lattice contraction induced at the edge. The right side
relates to the bulk region (shown in Figure 3d) and indeed showed a d-spacing value of 3.15 A (20
= 27.32%), which agrees with the average diffraction spectrum from Figure 3e,f. The Mn-doped
crystals showed a similar gradual lattice strain at the scale of the sample going away from the edge
of the crystal (left to right) (Figure 4a). The Mn-doped system showed the same d-spacing value
of 3.15 A as the undoped intrinsic structure in the bulk region. However, there are also interspersed
regions of deep red spots of 50-100 nm in size. These spots exhibit a higher d-spacing value of
3.17 A (26 = 27.08°), which relates to a 0.63% expansive strain in the structure. These locally
strained regions coincide with the shoulder observed in the average nanoXRD spectrum of the
Mn:Cs,PblxCl> system. In turn, this shows site-specific expansive strain up to 0.63% in the doped
structure throughout the crystal.

A more precise mapping of the localized strain sites can be done by isolating the diffraction
intensity specifically associated with the observed local lattice expansion in the Mn-doped 2D
perovskite crystals. This was achieved by first splitting the 26 diffraction spectrum into two
regions of interest (ROI) above and below 27.14°. The ROI above relates to the intrinsic structure
of CssPbI>Cl>, and the ROI below is related to the Mn?" induced local structural expansion (referred
to as the Mn-peak). Next, the integrated diffraction intensity of the ROI coinciding with the
expansion was mapped across the same spatial region as shown in Figure 3d for both the undoped
and doped samples (Figure 4b). The undoped systems showed no diffraction intensity pattern
related to the Mn-peak. This is consistent and expected since there was no observation of localized
nanoscale strains like the one observed in the Mn-doped samples (Figure 4a). However, in the
doped samples, high intensity sites (lime green to red regions) interspersed across the doped
sample were observed (Figure 4b). Three such spots are denoted with Roman numerals III, TV,
and V, which correspond to varying degrees of Mn-peak intensity. These sites occur at the same
regions as the 3.17 A (0.63% strain) regions in the d-spacing map from Figure 4a. For a better
understanding of the diffraction patterns, the average spectrum of a 5 x 5-pixel area for five spots
are shown in Figure 4d. Spots I and II are regions across both Cs2Pbl>Clz and Mn:Cs2Pbl2Clz 2D

perovskites that relate to the intrinsic structure (no nanoscale strain or minimal Mn-peak intensity),
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respectively. They show very similar diffraction curves that denote a correlated structure, as
expected. In comparison, spot I1I, IV, and V regions show localized nanoscale strain and medium
to high intensity for the Mn-peak. The diffraction curves for spots III and IV relate to regions
where signatures from the intrinsic structure and varied degrees of nanoscale strain (Mn-peak) are
observed, resulting in multiple peaks. Spot V shows only the Mn-peak while the non-doped
perovskite structure peak has vanished. ROI for high 26 diffraction spectrum maps and further
diffraction spectra are presented in the Supporting Information Figure S4. These results support
the occurrence of spatially distributed defect regions that result in localized expansive strain.
Moreover, the occurrence of larger higher intensity regions supports clustering of Mn?* interstitials
in the system, which corroborate the results seen by MFM measurements.

Elemental signatures in our samples were investigated through the nanoXRF arm of the
scanning X-ray microscopy technique, as described previously. Integrated fluorescence intensity

for iodine, cesium, and lead were mapped at each step across both undoped and doped samples
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Figure 4. Nanoscale X-Ray Microscopy Mapping. For a-c, undoped (left) vs 0.1% Mn?* (right)
(a) d-spacing (b) nanoXRD intensity for ROI below 27.14° (c) nanoXRF of iodine. Scalebar is
150 nm. (d) nanoXRD spectra for (006) peak for the 5 x 5-pixel region corresponding the Roman
numerals on a & b graphs.
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(Figure 4c and Figure S5). Cs:PblbCl, and Mn:Cs>PbIbCl, samples showed homogenous and
consistent fluorescence intensity across the bulk region. In other words, we did not observe
anomalies of low fluorescing intensities that corresponded to the nanoXRD local strain mapping
results (Figure 4a,b). Due to the extremely dilute amount of manganese incorporated into the
sample, the fluorescence signal was at the edge of the instrument capabilities. However, these
results imply that perovskite intrinsic lead, iodine, or cesium vacancies are not causing the
localized nanoscale strain phenomenon measured by nanoXRD for the Mn-doped sample. The
homogeneity of lead, iodine, and cesium further suggests there was no ion migration induced
degradation, or phase segregation is negligible. Moreover, the defect that causes these structural
strains does not affect the intrinsic 2D perovskite chemical make-up.

The experimental results obtained suggest that Mn-doping in Cs2Pbl2Clz 2D perovskite
occurs via interstitial incorporation of Mn?" atoms into the lattice. Bulk powder XRD indicate an
inhomogeneous dopant incorporation through peak broadening. PL, time-resolved PL, and MFM
confirm the incorporation of impurities in the sample that match the optical and magnetic
characteristics of Mn?*. Further, 2D MFM mapping show spatially specific regions of these Mn**
signatures. NanoXRD further showed site-specific nanoscale strains occurring throughout
Mn:Cs2PbL2Cl: to be at the origin of the average expansion in the lattice and the broadening effect
of the diffraction pattern. In comparison, nanoXRF showed consistency in the chemical make-up
of the Mn-doped sample implying that the Mn?" dopants do not substitute lead. To further
understand which dopant configuration leads to a local lattice expansion, we performed DFT
calculations as described below.

We first calculated changes in the lattice constants of the 2D Cs,Pbl>Cl perovskite upon
Mn?* substitutional and interstitial doping (see Methods Section). Optimized lattice constants of
one orthorhombic primitive unit cell (previously shown to be stable by DFT calculations)® of 5.74
A, 5.74 A, and 19.33 A for the pristine CsPbloCl, primitive cell, agree with the measured values
of 5.64 A, 5.64 A, and 18.88 A, respectively, within 2.3%. To examine Mn?*" doping concentration
effects with two doping densities, we chose 3x3x1 and 4x4x1 Cs;PblbCl> supercells,
corresponding to doping densities of 0.79% and 0.44%. Larger supercells that would mimic the
0.1% experimental doping were too sizable computationally. As an example, we show sections of
an optimized 4x4x1 supercell for both substitutionally and interstitially Mn-doped Cs2Pbl>Cl>
(Figure 5a,d).
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The 4x4x1 supercell of pristine Cs2Pbl>Cl> can be found in the Supporting Information
Figure S6. In the substitutionally doped perovskite, the Mn?** centered octahedra shrink, as
compared to the Pb?" centered octahedron. In the interstitially doped perovskite, the Mn?* atom
resides between two octahedra, namely in the triangle shown by connecting one ClI and two I’
atoms, causing an expansion of the lattice. The trend in the 2D perovskite’s structural response is
captured irrespective of the exact concentration considered (Table S3), supporting our
experimental diffraction results. To understand possible propensity towards clustering of Mn?*
atoms, we also examined doping by two Mn2" atoms in the 4x4x1 supercell. The results indicate
that upon substitutional doping, each Mn?* is covered by an I-Cl octahedral shell and separate from
the next Mn?*; thus, not showing a clustering propensity. Upon interstitial doping, however, Mn?*
atoms tend to cluster. The structural optimization indicates that the energetically favorable
structure occurs when two Mn?" atoms reside in the spaces around the same octahedron with a
distance of 2.56 A between them, as shown in Figure S7. This configuration results in the energy
being 1 eV lower than the structure that has two interstitial Mn?" atoms separated by 11.51 A. We
note that two interstitially doped Mn?" atoms in a 4x4x1 supercell causes a lattice expansion of
0.49% and 0.43% along ax and ay, respectively, and 0.08% along a,. The predicted Mn?* clustering
in interstitial doping agrees with the spatial site-specificity of the MFM and nanoXRD results and
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Figure 5. Computational Modeling using DFT. Single Mn?" substitutionally doped 2D
CsoPbIxCl; (a) crystal structure, with 4x4x1 supercell (b) band structure and (c) PDOS. Single
Mn?* interstitially doped 2D Cs,PbI>Cl, (d) crystal structure, with 4x4x1 supercell (¢) band
structure and (f) PDOS. Colors denote Pb-black, Cs-mint green, I-purple, Cl-green, Mn-red. In
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could further explain why a dip in the EPR signal was observed initially.

Next, we summarized the band structures in comparison to the measured PL spectra, also
measured previously in other work.”® The pristine Cs,Pbl>Cl, band structure and PDOS summary
can be found in Supporting Information Figure S6. As expected, the pristine perovskite conduction
band bottom is contributed by Pb p-orbitals, and the valence band top by I and CI p-orbitals. The
band-gap occurs at the I' k-point of the supercell reciprocal Brillouin zone. The calculated
electronic band-gap is 2.50 eV, which is larger than the pure iodide 2D (Cs;Pbly) at the same level
of theory. This computed band-gap is in reasonable agreement with our measured optical
absorption onset and PL emission around 2.88 eV (430 nm) in Figure 2a. There was also agreement
with previously measured values of 3.04 ¢V and 3.01eV (absorption onset and PL),* as well as
ca. 3 €V.”% However, this only results from simultaneous neglect of spin-orbit coupling (SOC)
effect and many-body corrections, which are both due to limitations of available computational
resources for such large systems. Further, we note that because of the need to compare the results
to the Mn-doped structures at low concentration, the band structures were calculated using the
PBE exchange-correlation functional rather than HSE (Heyd—Scuseria—Ernzerhof),”! which may
cause an underestimation of the band gaps. Therefore, we stress that the following analysis be
taken qualitatively, rather than considering the relative changes.

The band structure and PDOS for the substitutionally doped system is summarized in
Figure 5b,c, while the interstitially doped system is shown in Figure Se,f. The band gaps between
dispersive bands only slightly change from 2.50 eV to 2.51 eV and 2.49 eV for substitutional and
interstitial doping at 0.44% concentration, respectively. Upon either Mn?* doping mode, middle
gap states introduced by the impurity appear. For substitutional doping, there is one spin up middle
gap band at 0.2 eV above the valence band top. The PDOS indicate that the band is contributed by
Mn?* d-orbitals and its bonded CI p-orbitals. For interstitial doping, there is one spin down middle
gap band at 0.17 eV below the conduction band bottom, and there are four spin up middle gap
bands up to 0.60 eV above the valence band top. Therefore, in addition to the PL emission at the
band gap, we expect another emission band red-shifted in energy by about 0.2 eV for substitutional
doping and 0.8 eV for interstitial doping. Our Mn?" induced PL emission occurs at 2.07 eV (599
nm), as shown in Figure 2a, and is 0.81 eV red-shifted from the emission at 2.88 eV (430 nm).
Here, the interstitial model predicted a similar relative change as observed in our PL measurement

for the doped perovskite. At this level of theory, it could conceivably be suggested the red-shifted
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emission for interstitial doping may be assigned to the Mn d-d transition from the spin up Mn d-
state residing 0.6 eV above the VB to the spin down Mn d-state residing 0.17 eV below the CB
(Figure 5f). Moreover, the transition from a spin up to spin down state potentially also contributing
to the long lifetime of the emission. We want to emphasize again that rigorous many-body band
structures and optical gap calculations, such as using the GW (Green’s function approximation
with a screened Coulomb interaction W) and GW-BSE (Bethe Salpeter Equation) levels of theory,
including SOC, are beyond the scope of this study. Our computational results demonstrate that
interstitial incorporation, not substitutional, of Mn?* in the 2D Cs>PbI>Cl> perovskite supports the
observed lattice expansion and, at this level of theory, can account for the appearance of a PL

emission peak at 2.07 eV (599 nm).

Conclusion

Our work provides insight into the dopant-host interactions, nanoscale structure, and
chemical composition in 2D halide perovskites by using a multiscale experiment-modeling
approach. In contradiction to previous reports, we show that the Mn?" dopants are incorporated
into the perovskite lattice via interstitial doping, instead of divalent substitution. This led to
yellowish-orange emission and expansions in the lattice causing localized nanoscale strains. The
presence of conglomerating Mn?* interstitials will need to be addressed in future work if atomic
defects are desired. Further, this may negatively affect wanted magnetic and electronic
functionalities. As learned from III-V semiconductors, synthesis strategies that influence
incorporation mode include chemical vapor deposition or post-growth annealing. The deeper
understanding of the local placement and structural changes from metal dopants in the 2D HaP
will help further their potential in optoelectronic and spintronic applications, such as in
photovoltaics, high temperature ferromagnetic semiconductors, or spin-polarized single photon

emission for quantum information technologies of the future.

Methods

Sample Preparation: Csl (Sigma Aldrich, 99.999%), PbCl. (Sigma Aldrich, 99.999%), and MnCl.
(Sigma Aldrich,>99%) were used as received. For the preparation of 1%-doped sample, 1.000 g
of Csl was mixed and thoroughly ground with 0.5298 g of PbCl, and 0.0024 g of MnCl. The
samples with 5 and 10% nominal doping were prepared by using 0.5084 and 0.4817 g of PbCl»
along with 0.0121 and 0.0242 g of MnCl., respectively. Because of the small amount of MnClx
used in the preparation of 0.1%-doped sample, MnCl> was added on top of the stoichiometric
amounts of CsI and PbCl,, which were taken in a 2:1 molar ratio. The ground reagents were loaded
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into a 7 mm ID silica tube and sealed under dynamic vacuum. All three reactions were placed in a
tube furnace and heated to 500 °C in 10 hours, dwelled at this temperature for 12 h and slowly
cooled to room temperature over 3 days. The product contained transparent crystal ingots along
with unknown impurities on the walls of the tube and the ingots. The impurities were removed
mechanically using a sharp blade and the crystal ingots were cleaved for further characterization.

Powder X-Ray Diffraction: PXRD patterns were collected on ground single crystals of all samples.
A Rigaku Miniflex600 equipped with a Dtex silicon 1D detector was used to obtain powder X-ray
diffraction patterns. Cu Ka radiation (A= 1.5406 A) was produced using 40 kV and 15 mA and
filtered with a graphite monochromator and Kf foil filter. A zero-background silicon holder was
used. Analysis of the peaks and lattice parameters were carried out through Rietveld refinements
using the program Profex, a BGMN version 4.2.23 based program.

Electron Paramagnetic Resonance: EPR measurements were performed at X-band (~9.68 GHz)
using a Bruker Elexsys E580-X EPR spectrometer outfitted with a Bruker ER-4122SHQE
resonator. The continuous-wave EPR spectra were collected at room temperature, using non-
saturating microwave power (~4 mW) and 0.2 mT field modulation at 100 kHz.

Scanning X-ray Microscopy: SXM was conducted through the Center for Nanoscale Materials at
the Advanced Proton Source at Argonne National Laboratory and used to collect diffraction and
fluorescence signals. Samples were exfoliated micro-crystals on a silicon-based substrate. The
SXM set up was equipped with a Frensel zone plate (Xradia Inc.) that focuses a monochromatic
X-ray beam of 1.4857 A (8.345 keV) producing a photon flux of 3x10® photons/second. The X-
ray scanned across a ROI at 20 nm steps to give a 2D map of diffraction patterns and fluorescence
intensities. For diffraction, the reflected signal was collected on a pixel-array detector (Medipix)
of 20 range 20°-50° and positioned for the out-of-plane 006 Bragg condition to obtain diffraction
patterns.’”? Further, the pattern was integrated for intensity and centroidal 26 calculated, where
Bragg’s Law was employed to obtain d-spacing. For fluorescence, the system is equipped with a
single-element detector (low resolution) for locating the sample, and a four-element detector (high
resolution) for precise measurements. The fluorescence signal was collected and integrated for
specific energy regions related to the element of interest to obtain intensity.

Chromium markers were deposited on the substrate prior to exfoliation of the crystals for
positioning. From there, iodine was utilized to pinpoint the micrometer sized single crystals and
ROIs as it had the largest fluorescing yield compared to the elements in the host HaP, Cs2Pbl>Clo,
or Mn dopant (order highest to lowest yield: iodine, cesium, lead, and manganese)’®. The undoped
sample was exfoliated on a special substrate called a ‘diving board’ that allowed the incident X-
ray beam to transmit through to the four-element fluorescence detector. This gave diffraction and
fluorescence signals concurrently. The 0.1% Mn doped sample used a thicker Si-substrate, which
the beam could not transmit. Here, the sample was rotated 120° and the reflected signal recorded
by the four-element fluorescence detector.

Magnetic Force Microscopy: Magnetic force microscopy (MFM) was conducted on an MFP-3D
Origin AFM (Asylum Research, Oxford Instruments, CA) with a dual-pass technique using Co/Cr
coated AFM probes (MSEP-V2), where a conventional tapping mode was performed in the first
pass and the MFM was followed in the second pass (Nap Mode). Prior to the experiment, the AFM
probe was magnetized by a strong Neodymium rare-earth magnet. The 2D inorganic halide
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perovskite (HaP) samples were mechanically exfoliated onto a clean silicon wafer by the classical
scotch tape method. Thin flakes of HaP were first identified by optical microscope for MFM
characterization. During MFM measurement, the AFM tip was lifted off from the sample surface
and maintained a constant separation about (~15 nm). The AFM probe was driven to oscillate at
its resonant frequency by the shake piezo on the AFM cantilever holder. The magnetic force
between the AFM probe and the sample surface induces phase shifts during the Nap Mode, which
provides the contrast of magnetic response of the sample surfaces. Repulsive and attractive
magnetic forces increase (bright contrast) and decrease (dark contrast) the phase shift, respectively.

Photoluminescence Spectroscopy: Photoluminescence (PL) spectra for initial characterization on
the Mn-doped samples in Figure 1c were acquired using 405 nm LEDs for excitation and an
OceanOptics USB4000 spectrometer.

A FLS1000 fluorimeter from Edinburgh Instruments (Livingston, Scotland) was employed
for steady-state and time-resolved PL measurements in Figures 3a,b. Excitation at 314 nm was
generated using either a 450 W Xe arc lamp connected to a double grating Czerny-Turner
monochromator for steady-state PL measurements or a 100 W Xe microsecond pulsed flash lamp
(model pF2) connected to a double grating Czerny-Turner monochromator for time-resolved PL
measurements. The emission signal is collected at 90° relative to the excitation source and passed
through a Czerny-Turner monochromator prior to being collected with a Hamamatsu R928P side
window photomultiplier in a cooled housing (Operating temperature: —22 °C). For steady-state
measurements, an excitation bandwidth of 1.50 nm and emission bandwidth of 15 nm were used.
Data was collected from 350 nm — 800 nm with a step-size of 1 nm and a dwell time of 0.200 s.
For time-resolved measurements, the flash lamp was operated at a pulse frequency of 100 Hz. An
excitation bandwidth of 0.60 nm was used. The PL signal was monitored at 590 nm with a slit
width of 18 nm. Appropriate filters were used to block stray light from the excitation source for
all PL measurements.

Computational Modeling: DFT calculations were carried out with the Vienna ab initio simulation
package VASP 5.4.747 The Kohn-Sham equations are solved using a plane wave basis set with an
energy cutoff of 550 eV, and the projector augmented-wave (PAW) potential was applied.”> A
2x2x2 k-point sampling was used for the 3x3x1 supercell, and 1x1x2 for the 4x4x1 supercell.
The crystal structure was optimized using the PBE (Perdew-Burke-Ernzerhof) exchange-
correlation functional’® with spin-polarization. We also applied the zero damping D3 correction of
Grimme,”” as inclusion of London dispersion in the functional for treating halide perovskites was
emphasized,’”® and previously applied. Geometries were fully relaxed regarding lattice parameters
and interatomic distances until forces were less than 0.01 eV/A.
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