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Abstract: 

 We combine high energy resolution fluorescence detection (HERFD) X-ray absorption 

spectroscopy (XAS) measurements with first-principles density functional theory (DFT) 

calculations to provide a molecular scale understanding of local structure, and its role in defining 

optoelectronic properties, in CH3NH3Pb(I1-xBrx)3 perovskites.  The spectra probe a ligand field 

splitting in the unoccupied d states of the material, which lie well above the conduction band 

minimum and display high sensitivity to halide identity, Pb-halide bond length, Pb-halide 

octahedral tilting, as well as the organic cation.  We find that the halides in these mixed 

compositions are randomly distributed, rather than having preferred octahedral sites, and that 

thermal tilting motions dominate over any preferred structural distortions as a function of halide 

composition.  These findings demonstrate the utility of the combined HERFD XAS and DFT 

approach for determining structural details in these materials and connecting them to 

optoelectronic properties observed by other characterization methods. 
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 Hybrid organic-inorganic halide perovskites have attracted intense interest as advanced 

semiconductors for a range of optoelectronic applications, including in photovoltaics, where 

perovskite solar cell power conversion efficiencies now exceed 22%.1 Despite swift progress in 

the field, there is a pressing need to connect device-relevant optoelectronic properties to atomic-

scale structure, particularly in compositionally complex compounds. .  For example, while 

methylammonium lead halide perovskites, CH3NH3Pb(I1-xBrx)3 (MAPb(I1-xBrx)3), have been 

intensively investigated, precise crystal structures – derived from volume- and time-averaged 

diffraction measurements – are only available for the pure halide compounds (MAPbI3 and 

MAPbBr3).2-3  Existing diffraction studies of the mixed halide compositions do not show 

evidence for phase separation,  but these measurements provide macroscopically averaged lattice 

parameters4 and it is unclear whether halide atoms are randomly distributed or preferentially 

ordered in any given PbX6 (X=I, Br) octahedron.  Furthermore, while density functional theory 

(DFT) studies can determine energetically favorable local structures of mixed halide 

perovskites,5 the rotational dynamics of the methylammonium (MA) molecule are generally not 

taken into account in static DFT calculations. Indeed, structural relaxations for fixed MA 

orientations can result in spurious and unphysical distortions of the PbX6 octahedra that are 

largely averaged out at finite temperature.6 Such distortions, as well as molecular-scale 

distributions of halides and cations, could have a large impact on material properties including 

band gaps, carrier lifetimes, and device stability.6-9  An accurate, self-consistent determination of 

the molecular-scale structure in these systems, to connect with observed optoeletronic properties, 

is needed to enable directed design of compositionally complex, bandgap engineered perovskite 

semiconductors capable of the high efficiency energy conversion necessary for tandem 

photovoltaic applications.	
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 To this end, we present an X-ray absorption spectroscopy (XAS) and first principles DFT 

study of MAPb(I1-xBrx)3 perovskites as a function of composition.  XAS probes electronic 

excitations from core orbitals into the unoccupied band structure of the excited material, 

providing both elemental and electronic selectivity due to the associated dipole selection rule, 

which dictates the angular momentum of the final state orbital.  Given the small spatial extent 

(~0.1 Å) of the resonantly excited electronic core orbitals, XAS provides highly local 

information about the electronic structure near the excited atom, which is often strongly coupled 

to the atomic structure via coordination and associated hybridization with orbitals on neighboring 

atoms.  To interpret the spectral signatures of these effects, we employ first-principles DFT 

calculations of the XAS. Beginning with the experimentally derived MAPbI3 and MAPbBr3 

structures, these calculations assess the specific spectral sensitivity to halide identity, bond 

lengths, and octahedral tilts.  These tests then inform the interpretation of calculated XAS for 

several candidate structural models for mixed halide compositions derived from ground-state 

DFT calculations.  These spectral simulations reveal individual electronic transitions responsible 

for particular spectral features, and can isolate contributions from specific atoms in the material, 

elucidating structural details that are probed by the XAS experiment.  By combining experiment 

and computation in this way, we demonstrate sensitivity to structural information on the 

molecular scale, including halide identity, Pb-halide bond lengths, and octahedral tilting.  Thus, 

pairing XAS and DFT can connect local atomic structure to optoelectronic properties determined 

by other characterization methods, informing design rules for efficient and stable perovskite 

devices. 

 XAS was collected at the Pb LIII-edge (see SI for details) for MAPb(I1-xBrx)3 perovskites 

across the complete halide composition space (0 ≤ x ≤ 1). Fluorescence yield XAS, as is typically 
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employed, is dominated by lifetime broadening effects, as shown in Figure 1a, making it difficult 

to discern the nature of the spectral differences with respect to composition and precluding 

comparison to computed XAS, which can neglect lifetime broadening.  To circumvent this, we 

employed high energy resolution fluorescence detection (HERFD) XAS, using an emission 

spectrometer tuned to the Pb Lβ-5 emission line.  By isolating the peak of a single emission line, 

the HERFD XAS technique eliminates much of the intrinsic lifetime broadening, resulting in 

sharper, more well-defined spectral features.10   

	

Figure 1: (a) Standard and (b) HERFD XAS spectra for CH3NH3Pb(I1-xBrx)3 as a function of x, in increments of 
~0.1 (see SI for details).	

 As shown in Figure 1b, HERFD XAS reveals a spectral feature in the middle of the rising 

absorption edge, as well as a distinct feature at the top of the main edge, for the MAPb(I1-xBrx)3 

composition series.  Both spectral features blueshift with increasing Br content (indicated by x); 

the rising edge feature shifts from 13039.9 eV to 13040.8 eV (+0.9 eV), and the main edge 

feature shifts from 13044.7 eV to 13046.2 eV (+1.5 eV) for MAPbI3 and MAPbBr3, respectively.  

For intermediate compositions, both features are positioned between their corresponding 
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extrema. Spectra for the mixed halide materials, however, cannot be accurately described by a 

linear combination of the spectra of MAPbI3 and MAPbBr3 (Figure S3).  This finding implies 

that the intermediate compositions form well-mixed single phases, rather than segregated pure 

halide phases, as supported by prior diffraction studies.4	

 To determine the origin of the spectral shifts with halide composition, we employed first-

principles DFT calculations, using the PBE functional, within the excited electron and core hole 

(XCH) approach11 (details in SI).  A comparison between experimental and computed spectra for 

MAPbI3 and MAPbBr3 is shown in Figure 2.  The computed spectra for these pure halide 

compounds are based on averaged structures deduced from diffraction studies.3, 12-13 Despite 

employing HERFD XAS, the experimental spectra display larger broadening than the first-

principles computed spectra. This effect is expected, given that these specific calculations are for 

static structural models and neglect nuclear motion and associated vibronic coupling; the effect 

of thermal motion on the spectra is discussed in additional detail below.  Aside from the degree 

of broadening, the agreement between computed and experimental spectra is excellent.  Using a 

single reference spectrum for energy calibration14 (in this case, the spectrum of MAPbI3), the 

computations reproduce experimental spectral positions and relative intensities for both 

perovskite compounds, including the sharpened rising edge feature at 13040.8 eV for MAPbBr3 

compared to that at 13039.9 eV for MAPbI3. Again, under fluorescence yield detection, this 

spectral difference would be obscured by lifetime broadening effects. 
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Figure 2: (a) Comparison of experimental (solid lines) HERFD XAS and computed (dotted lines) XAS for MAPbI3 
(blue) and MAPbBr3 (green).  Also shown are excited state electronic orbitals which dominate contributions to (b) 
the rising edge near 13041 eV and (c) the main edge near 13046 eV, in the computed XAS for MAPbBr3.  Pb are 
dark grey, Br are brown, N are blue, C are light grey, and H are white.  The opposing phases of the orbitals are 
shown in yellow and cyan.	

 The XCH spectral calculations also provide final-state excited electron orbitals for each 

transition in the spectrum.  Excited electron orbitals for the strongest excitations in the rising 

edge and main edge features for the case of MAPbBr3 are shown in Figure 2b and 2c.  Both 

orbitals show d-d hybridization between Pb and Br; the rising edge orbital (Fig. 3a) exhibits 𝑑"# 

character, whereas the main edge orbital shows 𝑑#$character (Fig. 3b).  The spectral features can 

therefore be understood in terms of ligand field theory.  In octahedral coordination symmetry, the 

manifold of atomic d-orbital energies splits due to ligand repulsion, with 𝑑#$and 𝑑"$%&$orbitals 

raised in energy since they are oriented along the octahedral bonds, and the 𝑑"&, 𝑑"# and 𝑑&# 
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orbitals lowered in energy since they are non-bonding, i.e., oriented between the bonds.  The 

energy splitting observed between the spectral features in the perovskite spectra is therefore a 

ligand field splitting.  Interestingly, the electronic orbital components of the final states probed 

here (based on Pb 2p à 6d transitions) lie ~10 eV above the Fermi level (Figure S4) and, 

therefore, are not directly involved in the photovoltaic function of the perovskite materials. As 

demonstrated below, however, these orbitals are highly sensitive to bond lengths, halide 

electronegativity, and octahedral tilting, and can be used as a proxy to deduce subtle details of 

the local atomic structure.  Therefore, combining HERFD XAS measurements with first-

principles DFT simulations provides an important validation of the local structural and 

compositional models required for DFT-based predictions of optoelectronic properties.   

Comparisons to measurements of the optoelectronic properties of the same materials using other 

characterization methods (e.g., photoluminescence) will enable the connection of structural and 

compositional degrees of freedom with valence band structure,  revealing effective design 

strategies to control optoelectronic properties in perovskites more generally. 

There are several structural differences between MAPbI3 and MAPbBr3.  At ambient 

temperature, the MAPbI3 structure adopts a tetragonal phase with I4/mcm symmetry, in which 

the PbI6 octahedra are rotated about the c-axis with respect to the cubic Pm-3m phase of 

MAPbBr3.2  In addition, the Pb-Br bonds (2.99 Å) are ~0.20 Å shorter than Pb-I bonds (3.17 Å 

apical, 3.19 Å equatorial), resulting in 5% smaller lattice parameters per formula unit (6.28 Å for 

MAPbI3 versus 5.97 Å for MAPbBr3).  The Pb-I and Pb-Br bonds also show different degrees of 

ionic character due to the larger electronegativity of Br (2.96 Pauling units) versus I (2.66 

Pauling units)15, which affects the electronic structure around the Pb centers.  To isolate the 

effect of each of these degrees of freedom on the XAS, we performed a systematic series of 
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spectral computations, utilizing structures labelled P1 through P5, as shown in Figure 3.  Starting 

with the tetragonal MAPbI3 structure (P1), we aligned (i.e. un-rotated) the PbI6 cages, converting 

it to the higher symmetry cubic Pm-3m phase (P2).  This has a very small effect on the spectrum, 

introducing a blueshift of ~0.1-0.2 eV in the rising edge feature.  Next, we replaced the I- ions 

with Br- ions, while keeping the rest of the structure fixed (P3).  This drastically changes the 

spectrum, blueshifting the rising edge feature by 1.4 eV, which is larger than the experimentally 

observed blueshift of 0.9 eV.  The main edge feature, on the other hand, is blueshifted by only 

0.8 eV, compared to the 1.5 eV blueshift observed experimentally.  Shortening the Pb-Br bonds 

to the experimental lengths for MAPbBr3 (P4) shifts the spectral features to match experiment; 

the rising edge feature is redshifted by 0.5 eV and the main edge feature is further blueshifted by 

0.7 eV.  Finally, we tilted the MAPbBr3 octahedra such that the resulting structure (P5) has Pnma 

symmetry but approximately retains the bond lengths of P4. This introduces significant 

broadening in the main edge feature and also redshifts and broadens the rising edge feature. 
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Figure 3: Comparison of computed XAS for MAPbI3 (P1, blue), the same structure with un-rotated PbI6 octahedra 
(P2, cyan), I replaced with Br without relaxation (P3, red), Pb-Br bond lengths reduced to the experimental values 
for MAPbBr3 (P4, green), and MAPbBr3 with tilted octahedra (P5, orange).  Pb are dark grey, I are green, Br are 
brown, C are light grey, N are blue, and H are white.  Computed FCH core level shifts for each structure are also 
listed, relative to P1. Inset: A schematic representation of the potentially competing effects of core-level and final-
state shifts in defining the X-ray absorption energy.	

 This computational assessment demonstrates that HERFD XAS should be highly 

sensitive to halide identity, Pb-halide bond length, and octahedral tilting, but less sensitive to 

bond-length preserving rotations of the Pb-halide cage.  Note that we assume that XAS 

sensitivity to the lattice parameters is implicit, given the strong connection between the volume 

of the crystal unit cell and the local degrees of freedom considered here. The actual spectral 
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response to these factors arises from a combination of shifts in the energies of the 𝑑#$ and 𝑑"# 

final states (pictured in Figure 2) – due to varying ligand field effects about the Pb atom – and 

shifts in the Pb 2p core orbital energies due to varying degrees of oxidation by the halides.  This 

is illustrated by the difference between the P3 and P4 spectra: when the Pb-halide bond length is 

shortened, the 𝑑#$ states in the main edge – which are oriented along the bonds – are expected to 

undergo a significant shift to higher energy, while the 𝑑"# states in the rising edge should 

experience a much more moderate shift to higher energies since they are oriented away from the 

bond axes.  The computed spectra, however, show a redshift in the rising edge feature for P4 

versus P3, implying that final state shifts are offset by shifts in the core 2p orbitals.  We 

quantified these core level shifts using the full core hole (FCH) DFT method (details in SI), 

showing that P4 has a 2p core level 1.56 eV shallower (spectral redshift) than that of P3, likely 

due to the reduced ionicity (and hence Pb oxidation) of the shorter bond length in P4.  The 𝑑#$ 

states in the main edge are sensitive enough to bond length to dominate the spectral response in 

the main edge, but for the less sensitive 𝑑"# states in the rising edge, the Pb core level shift 

dominates.  

 The sensitivity to octahedral tilts (P5) deserves special note as it is likely that similar 

tilting motions occur thermally under experimental conditions; indeed, DFT studies show that 

octahedral tilts should correlate with rotations of the MA molecule.16-18  The tilts in the P5 

structure disrupt the strong 𝑑#$ and 𝑑"# couplings, breaking degeneracy and broadening both the 

main edge and rising edge spectral features into shapes that more closely resemble experimental 

spectra.  The rising edge feature is also redshifted by ~0.65 eV as compared to P4, resulting in a 

splitting larger than that observed in experiment and implying that the tilts in the P5 structure are 
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more severe than the actual thermal motions under ambient conditions.  The implications of 

thermal tilting motions are discussed further below. 

 Examining how the ligand field effects manifest in mixed-halide structures is more 

difficult, due to the lack of definitive structural models for mixed-halide compositions based on 

experimental measurements.  We employed DFT within the Perdew-Burke-Ernzerhof (PBE) 

approximation as implemented in VASP19  to determine possible structures to use for computing 

XAS.  Static DFT calculations neglect the thermal motion of the MA molecule and therefore 

introduce spurious distortions of the PbX6 octahedra that arise as a result of choosing fixed 

orientations of the MA molecule. The energetic barrier to rotation for the MA molecules is 

expected to be as small as 10 – 20 meV,20 implying that they rotate freely at ambient 

temperature, leading to random, uncorrelated orientations.21 To obtain reliable structures it is 

therefore appropriate to treat the cation site as isotropic. To this end, we use the virtual crystal 

approximation (VCA)22 to replace MA by a spherical “pseudoatom” such that after full structural 

relaxation the volume of the unit cell matches the experimental volume. This approach 

accurately reproduces lattice parameters derived from X-ray diffraction studies of mixed-halide 

compositions, as well as lead-halide bond lengths for the pure compositions (see SI for details).	

 After the DFT structural relaxation, we replaced the pseudoatoms with MA cations to 

properly capture interactions between the MA and the electronic final states for the XAS 

transitions (see SI for details).  Three compositions were examined: x = 0.4, x = 0.6, and x = 0.8, 

with randomized halide distributions for each.  For the x = 0.6 case, a structure in which Br ions 

are preferentially placed in equatorial positions was also tested (the “ordered structure”).  These 

structures and their computed XAS are shown in Figure 4.  The randomized structures for all 

compositions feature varying degrees of octahedral tilting (Figure S8), whereas the ordered 
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structure for x = 0.6 displays significantly less.  For x = 0.6, however, the spectrum of the 

randomized structure is a significantly better match to experiment.  As seen in the P5 test above, 

the significant tilting of Pb cages disrupts the d-d couplings, broadening and slightly blueshifting 

the associated spectral features.  This effect is strongest for the 𝑑#$ state, which is oriented along 

the Pb-halide bonds and therefore highly sensitive to tilting motions. 

 

Figure 4: Experimental HERFD XAS compared to computed XAS for (a) the x = 0.4 perovskite, (b) the x = 0.6 
perovskite, and (c) the x = 0.8 perovskite.  For the x = 0.6 perovskite, computed spectra from two structures are 
shown: a structure with a randomized distribution of halides (dotted red line, structure shown in panel (d)) and an 
ordered structure in which Br ions preferentially occupy equatorial positions in the Pb octahedral (dotted cyan line, 
structure shown in panel (e)). Pb are dark grey, I are green, Br are brown, C are light grey, N are blue, and H are 
white.  

 These computed structures indicate that intermediate compositions between MAPbI3 and 

MAPbBr3 display greater degrees of octahedral tilting, but experimental spectra do not reflect 

this.  The generally broadened spectral shapes observed for structures with larger degrees of 

octahedral tilting are seen experimentally across the entire composition range.  Additionally, 
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measured Urbach energies and photoluminescence quantum yield measurements do not imply 

any trends in structural distortion as a function of composition.23-24  Given that the energy 

difference between the randomized and ordered structures for the x = 0.6 composition is only 

0.08 eV per formula unit, we hypothesize that thermal motions dominate over any preferred 

static tilting for any halide composition.  This small energy difference also indicates that there is 

little preference for ordered halides versus a random distribution, a conclusion supported by tests 

of a “clustered” structure for the x = 0.6 composition in which I and Br are grouped around 

different Pb atoms (Figure S9).   The clustered structure displays similar octahedral tilts to the 

randomized structure, but produces a sharpened rising edge spectral feature that does not match 

experiment.  This implies a random distribution of halides in the actual material. 

 The octahedral tilting motions discussed above also have a significant impact on the band 

gap.  The randomized structure for the x = 0.6 composition has a computed DFT-PBE band gap 

0.34 eV higher than the ordered structure.  A systematic test of varying degrees of octahedral 

tilting between MAPbBr3 and the tilted P5 structure is shown in Figure S10, revealing a dramatic 

increase in band gap of up to 0.57 eV for large amplitude tilts.  Thermally induced tilting 

motions would therefore cause a net increase in band gap, by increasing the root mean square tilt 

angle around the equilibrium structure.  This is conflated with thermal lattice expansion, which 

also affect the band gap (larger lattice parameters give larger band gaps), and the combination of 

the two effects may explain why observed band gaps in MAPbI3 increase with temperature.25-26  

More accurate calculations of electronic and opto-electronic properties of these structural models 

may be provided by many-body perturbation theory,27-28 but we expect the trends discussed here 

to be robust.  Our HERFD XAS is sensitive to both lattice parameters (demonstrated with P3 vs. 

P4) and tilting motions, and can therefore provide a much-needed connection between these 
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different structural degrees of freedom and their impacts on the observed effective band gap and 

basic optoelectronic properties, which impact charge carrier transport and stability in real 

devices. 

Conclusion: 

 We have demonstrated that HERFD XAS at the Pb LIII absorption edge, coupled with 

first-principles DFT calculations, provides a highly local probe of electronic and atomic structure 

in mixed organo-lead halide perovskites.  DFT structures allow testing of structural hypotheses 

to disentangle the effects of different degrees of freedom on the spectra, ultimately revealing the 

structural details embedded in the experimental HERFD XAS.  This approach reveals that, for 

mixed I/Br perovskites, halides are randomly distributed throughout the structure and that 

thermal motions dominate over any preferred structural conformations as a function of 

composition.  The spectra probe a ligand field splitting in the Pb and halide d states that lie above 

the conduction band minimum, but are highly sensitive to structural details including Pb-halide 

bond lengths, halide identity, and octahedral tilting.  Combining HERFD XAS with DFT-based 

interpretation therefore provides a means to unravel these structural details, which underlie 

optoelectronic properties, including the effective bandgaps, of lead halide perovskites.  This 

represents an important step in enabling nanoscale understanding – and eventually tailoring – 

structure-property relationships in the emerging class of hybrid organic-inorganic perovskites for 

high-efficiency solar energy conversion.  
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