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Cubic CH3NH3Pblz and
CH3NHs5PbBr; are composed of
lower-symmetry structural
correlations

Two-dimensional regions of
dynamic tilting in PbX, octahedra
are several unit cells wide

Correlations of a similar size are
also observed in the organic-
cation sublattice
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These correlations have a direct
impact on optoelectronic

properties and ion migration

The cubic structure of CH3NH3Pbl; and CH3NH;PbBr; is composed of short-range
structural correlations, primarily two-dimensional, as revealed by experimental
and computational diffuse scattering analysis. This work completes the first step
toward understanding the structure-property-function relationship of hybrid lead-
halide perovskites. Furthermore, we make connections between the observed
structure and the remarkable optoelectronic properties of, and detrimental ion
migration within, these materials.
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SUMMARY

Hybrid lead-halide perovskites (LHPs) are semiconductors with
novel properties that are distinctively governed by structural fluctu-
ations. Diffraction experiments sensitive to long-range order reveal
a cubic structure in the device-relevant, high-temperature phase.
Local probes find additional short-range order with lower symmetry
that may govern structure-function relationships. However, our un-
derstanding is impeded by unresolved dimensionality, participating
atoms, and dynamics of short-range order. Here, we determine the
true structure of two hybrid LHPs, CH3sNH3Pbl; and CH3;NH3PbBr3,
using a combination of single-crystal diffuse scattering, neutron in-
elastic spectroscopy, and molecular dynamics simulations. The
remarkable collective dynamics, not observed in previous studies,
consist of a network of local, two-dimensional, circular regions of
dynamically tilting lead-halide octahedra (lower symmetry) that
induce longer-range intermolecular CH3NH] correlations. The dy-
namic local structure may introduce transient ferroelectric or anti-
ferroelectric domains that increase charge carrier lifetimes and
strongly affect halide migration, a poorly understood degradation
mechanism.

INTRODUCTION

The crystal structure and associated symmetry of a material are key determinants of
mechanical, electronic, optical, and thermal properties. One has to look no further
than seminal condensed matter physics textbooks for derivations of these properties
made possible by consideration of the long-range or average order determined by
the crystal lattice and translational symmetry."? However, in many materials,
including disordered rocksalts and intercalation compounds used for battery cath-
odes, relaxor ferroelectrics, thermoelectrics, and oxide and halide perovskites, the
important properties are not well described by the long-range structure. Instead,
it is short-range order that dominates aspects of the structure-function relation-
ship.” "% In scattering experiments, short-range or local order manifests as diffuse
scattering, a result of static and dynamic deviations from the average structure.
Fixed chemical or local structural correlations result in static diffuse scattering,
whereas thermal diffuse scattering arises from dynamic displacements due to lattice
dynamics.'" In an analogous fashion, short-range magnetic correlations generate
magnetic diffuse scattering observable with neutron scattering.'? Resolving struc-
tural correlations in disordered materials has recently become more feasible with
the development of high-flux, single-crystal X-ray diffuse scattering (XDS) and

CONTEXT & SCALE

Hybrid organic-inorganic lead-
halide perovskites (LHPs) are a
class of semiconductors with
remarkable properties relevant to
optoelectronic applications. The
structure-property-function
relationship in LHPs, however, is
poorly understood, leading to
incomplete descriptions of
optoelectronic properties and a
persistent problem of device
degradation due to ion migration.
Here, we reveal the true structure
to contain an assembly of
dynamic, two-dimensional short-
range structural correlations in the
lead-halide octahedral sublattice,
with additional correlations
between organic molecules.

We propose that these
correlations are the origin of
large-amplitude halide
displacements, which govern
charge carrier mobility and the
sharpness of the absorption edge.
Correlations between organic
molecules may introduce regions
of transient ferroelectricity or
antiferroelectricity, which increase
charge carrier lifetime. Finally, the
correlations introduce an ion
diffusion barrier that is static on
the timescale of diffusive jumps.
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neutron diffuse scattering (NDS) instruments and sophisticated modeling algo-

rithms,> "3~/

pacts materials properties. Combining XDS and NDS reveals additional information

opening up enormous opportunities to understand how local order im-
about short-range order in materials with both light and heavy elements.'®

Organic-inorganic metal halide perovskites are a recently re-invigorated class of
semiconductors with remarkable optoelectronic performance that defies traditional
intuition. Hybrid lead halide perovskites (LHPs) possess a mechanically soft, defect-
tolerant crystal lattice with strong structural disorder and mobile ions at modest tem-
peratures.'? Fluctuations in orbital overlap arising from large thermal displacements
of iodide in methylammonium (CH3NHJ , CD3ND; = MA™) lead iodide directly influ-
ence the temperature dependence of the electron (or hole) mobility and optical
band gap.?° X-ray and neutron diffraction measurements, which probe long-range
order, report that the high-temperature phase is cubic, with well-defined Bragg
peaks.?’?? This cubic perovskite structure is shown in Figure 1A and consists of
corner-sharing PbX, (X = 17, Br™) octahedra surrounding a dynamically disordered
MA™ cation within the cuboctahedral interstice. Measurements probing short-range
order in the high-temperature phase, however, suggest the local structure is of lower
symmetry.”"~?® The lack of consensus regarding the exact symmetry and dynamics of
this enigmatic local structure limits our understanding and control of optoelectronic
properties and ion migration in LHPs. Short-range order arising from dynamic, two-
dimensional (2D) correlations of lead bromide octahedra has recently been identi-
fied in CsPbBrs.® These correlations are most prominent in the cubic phase above
433 K and may not play a significant role in CsPbBr;-based device operation. The
significance and prevalence of such correlations in hybrid LHPs, including contribu-
tions from the organic cations, is not resolved.

Organic cation and halide anion migration in LHPs, especially under illumination, is
detrimental to device performance and stability, yet the origin is not well under-
stood. Consequences of ion migration include formation of space charge potentials
at interfaces, accelerated degradation and loss of constituent elements, and light-
induced phase segregation in mixed-halide compositions.’® A complete picture of
the high-temperature structure and dynamics is essential to model ion migration
pathways accurately.’’ It is also important to characterize the short-range order in
the organic sublattice, as the rotating MA™ molecular dipoles may screen band-

edge charge carriers and extend carrier lifetimes.*?

We use single-crystal XDS, NDS, and neutron spectroscopy, combined with
molecular dynamics (MD) simulations, to uncover the true structure and dy-
namics of the nominally simple cubic (Pm3m) phases of MAPbl; (>328 K) and
MAPbBr; (>236 K). We find that the cubic phase (Figures 1A and 1C) is composed
of dynamic, roughly circular 2D “pancakes” of tilted lead-halide octahedra, which
align along any of the three principal axes of the cubic structure and (Figures 1B
and 1D) induce additional structural correlations of the organic sublattice within
the layers sandwiching the octahedra. Taken together, these regions of dynamic
local order are several unit cells in diameter with lifetimes on the order of several pi-
coseconds, resulting in a dynamic landscape for charge carriers and ion migration.
This extended dynamic local order was neither observed nor predicted in previous
studies of structural dynamics in hybrid LHPs.?*~** Embedded within this dynamic
structure we find additional static three-dimensional (3D) droplets of the intermedi-
ate tetragonal phase, consistent with previous reports.”>*’ The structural correla-
tions in the MA™ sublattice are a unique characteristic in these hybrid systems,
with the implications discussed below.

2 Joule 7, 1-16, May 17, 2023

Joule

"Materials Science and Engineering, University of
Colorado, Boulder, Boulder, CO 80303, USA

?Department of Chemical and Biological
Engineering, University of Colorado, Boulder,
Boulder, CO 80303, USA

3Department of Physics, University of Colorado,
Boulder, Boulder, CO 80303, USA

4Department of Chemical Engineering, Stanford
University, Stanford, CA 94305, USA

5Department of Chemistry, Stanford University,
Stanford, CA 94305, USA

¢Department of Mechanical Science &
Engineering and Materials Research Laboratory,
University of lllinois at Urbana-Champaign,
Urbana, IL 61801, USA

7Advanced Photon Source, Argonne National
Laboratory, Lemont 60439, IL, USA

8Neutron Scattering Division, Oak Ridge National
Laboratory, Oak Ridge, TN 37830, USA

9ISIS Facility, Rutherford Appleton Laboratory,
Didcot OX11 0QX, UK

ODepartment of Physics, Royal Holloway
University of London, Egham TW20 0EX, UK

TINIST Center for Neutron Research, National
Institute of Standards and Technology,
Gaithersburg, MD 20899, USA

2Department of Chemistry, University of
Pennsylvania, Philadelphia, PA 19104, USA

3Department Chemie, Universtat Paderborn,
Paderborn, Germany

14Stanford Institute for Materials and Energy
Sciences, SLAC National Accelerator Laboratory,
Menlo Park, CA 94025, USA

"SRenewable and Sustainable Energy Institute
(RASEI), University of Colorado, Boulder, Boulder,
CO 80303, USA

6These authors contributed equally
7L ead contact

*Correspondence:
nicholas.weadock@colorado.edu (N.J.W.),
dmitry.reznik@colorado.edu (D.R.),
michael.toney@colorado.edu (M.F.T.)

https://doi.org/10.1016/j.joule.2023.03.017



Please cite this article in press as: Weadock et al., The nature of dynamic local order in CH3NH3Pblz and CH3NH3PbBr3, Joule (2023), https://
doi.org/10.1016/j.joule.2023.03.017

Joule ¢ CellPress

High-T structure time-average X-ray diffuse
scattering intensity
(reciprocal-space)

(cubic) c

444
N4 ""V V]
OOV
AN ZN N\ Z

Intermediate-T structure L X
(tetragonal)

snap-shot

D 4

Figure 1. Summary of real-space and reciprocal space manifestations of local correlations in LHPs

(A-C) Visualizations of the high-temperature cubic structure (A and C) and the intermediate-temperature tetragonal structure (B) of MAPbl3 and
MAPbBr3. MA™ disorder has been omitted for clarity. The cubic-tetragonal transition in MAPbl3 and MAPbBr3 occurs at 328 and 236 K, respectively, by
the freezing out of octahedral tilts in an out-of-phase pattern.”*?”

(D) Instantaneous snapshots of the cubic structure from MD reveal dynamic, two-dimensional correlations consisting of tilted PbX4 octahedra that can
orient perpendicular to any of the three principal axes.

(E) Three-dimensional visualization of the X-ray diffuse scattering intensity generated by the structural correlations. The diffuse volume is indexed by
Miller indices H, K, L, of which integer values enumerate each Brillouin zone (BZ).

(F) The simple cubic BZ with high symmetry points indicated in red. The diffuse rods in (E) run along the BZ edge, connecting M and R points.

RESULTS AND DISCUSSION

The experimental scattering function S(Q) in the cubic phase of MAPbI; at 345 Kis
shown in Figure 2. Specifically, we present the L = 0.5, 1.5 planes measured with
both XDS (Figures 2A and 2C, left) and NDS (Figures 2B and 2D, left). S(Q) calcu-
lated from atomic trajectories obtained with MD simulations of MAPbl; (see exper-
imental procedures) is plotted in the right-hand panels of Figures 2A-2D and both
panels of Figures 2G and 2H for comparison. The experimental S(Q) in the cubic
phase of MAPbBr; at 250 K is plotted in Figure S1 and shows diffuse scattering in-
tensity for XDS and NDS that are nearly identical to MAPbls.

Our approach to solving the true structure of the nominally simple cubic MAPbl3 and
MAPbBr; involves decomposing the observed diffuse scattering profile into four
components and analyzing their energy and Q-dependence. These components
include: (1) rods of constant (XDS) or varied (NDS) intensity spanning the Brillouin
zone (BZ) edge (M-R direction in Figure 1, g = [0.5,0.5,]); (2) an additional contri-
bution centered at the R-point [g = (0.5,0.5,0.5)]; (3) broad intensity centered at
the X-point [q = (0.5,0,0)] observed previously and discussed in the supplemental
information; and (4) contributions from the MA* sublattice deduced from the alter-
nating diffuse rod intensity profile observed in NDS but not XDS. This difference be-
tween XDS and NDS is highlighted by the one-dimensional linecuts through the XDS
and NDS data shown in Figures 2E and 2F. Specifically, the peaks at K = + 2.5
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Figure 2. Diffuse scattering rods in MAPbI;

Experimental 5(Q) for MAPbl; measured with XDS (A and C, left panels) and NDS (B and D, left
panels) at 345 K. The XDS data are inherently energy integrated whereas the NDS data are static,
with a 0.9 meV full width at half-maximum (FWHM) energy bandwidth.

(A-H) (A and B) correspond to the L = 0.5 plane, and (C and D) the L = 1.5 plane. No Bragg intensity
is expected in these half-order planes; therefore, any intensity is diffuse scattering. The faint
circular rings in the experimental NDS data are residual Debye-Scherrer diffraction rings from the
aluminum sample holder. Theoretical 5(Q), calculated from MD simulations (£ 1 meV bandwidth),
are plotted in the right panels of (A)-(D). In (A) and (C), X-ray form factors were used whereas (B, D,
G, and H) were calculated using neutron scattering lengths (see supplemental information). In

(E) and (F), plots of one-dimensional linecuts along K, integrating 0.7:H:1.3 and 1.4:L:1.6, highlight
the differences between XDS and NDS. In (G) and (H), individual contributions from Pbl, and MA™ to
the calculated neutron S(Q), respectively, are plotted with the left panels correspondingto L = 0.5
and the right panels to L = 1.5. We note that the NDS plotted here corresponds to the elastic
scattering channel of the CORELLI spectrometer (~ 0.9 meV FWHM for E; = 30 meV'’).

originating from the corresponding diffuse rod along the H direction in XDS (Fig-
ure 2E) are not observed in NDS (Figure 2F). Our analysis is complemented by MD
simulations of MAPbI3, which reproduce the experimental diffuse scattering. The
experimental and calculated XDS (Figure 2) show remarkable agreement:
comparing the two results in a root-mean-square error of 3.6% (see Figures S2
and S3 and related discussion) after adjusting only the background and scaling of
the calculated S(Q). The agreement between the experimental and calculated
NDS is very good; however, there are small differences in intensities highlighted
in Figure S4 that likely arise from the classical potentials used here. Given the
good agreement, we examine the real-space structure simulated with MD to deter-
mine the origin of the diffuse scattering.

The XDS rods of diffuse scattering have constant intensity along the eﬂnt1ire BZ edge
(Figure S5) and a width larger than the instrument resolution (=0.02 A ). This line-
shape arises from 2D structural correlations in real-space. We show these correla-
tions in Figure 3, which presents a simplified visualization of the MD simulation.
These plots track Pblg octahedral rotations, defined by an azimuthal rotation angle

¢ about the [001] (Figures 3A and 3B) or [010] (Figures 3C and 3D) directions.
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Figure 3. Spatiotemporal dynamics of Pbl, octahedral rotations in cubic MAPbI;

Each pixel encodes the octahedral rotation angle ¢ about the z axis (A and B) and the y axis (C and
D). The columns are offset in time by A t = 300 fs to highlight the dynamic nature. The top rows
(A)and (C) are in the x-y plane and the bottom rows (B) and (D) are in the x-zplane. In (A) and (D), the
rotation is about the axis perpendicular to the plane, as shown by the diagrams on the right. In
(B) and (C), the rotation is about an axis parallel to the figures’ vertical axis. The dashed lines
indicate the intersection between the x-y plane in (A) and (C) and the x-z plane in (B) and (D). Note
that the two-dimensional regions visible in (A) and (D) are one unit-cell thick in the normal direction
(B and C).

Correlated regions of alternating large tilts are identified by neighboring red and
blue pixels (representing octahedra) in Figures 3A and 3D. Along the axis of rotation
indicated in the corresponding schematic, the tilts are uncorrelated between planes
(Figures 3B and 3C), revealing the existence of 2D pancakes of tilted octahedra with
a diameter on the order of 5 unit cells. These regions are reminiscent of the tilts asso-
ciated with the tetragonal structure in Figure 1B. The tilts generate in-plane anti-
phase structural correlations with a periodicity of 2a. The associated wave vector
of the correlationis g = 2w/2a = m/a, which is the zone boundary for the simple cu-
bic BZ. The tilted regions are confined to a single Pbl, sheet and therefore the diffuse
scattering intensity manifests as rods. The same structural correlations are presentin
the cubic phase of MAPbBr; because the XDS and NDS are qualitatively identical to
that of MAPbI; (Figures S1 and S4).

Intermolecular structural correlations in the MA* sublattice are implied from the
alternating intensity pattern of the diffuse rods present in NDS but not XDS. The
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MA" correlations are explored in the calculated S(Q) in Figures 2G, 2H, and 56-S8.
Specifically, we set the neutron scattering lengths of Pb and | to zero in the calcula-
tion to isolate the contribution from the MA™ cation (Figures 2H, S6C, S6G, S6K, and
S7), and C, N, and D to zero to isolate contributions from the inorganic octahedra
(Figures 2G, SéB, S6F, SéJ, and S7). Diffuse scattering from the inorganic framework
manifests as extended diffuse rods along the zone edge, resembling the experi-
mental XDS, as the X-ray atomic form factors for C, N, D are small compared with
those for Pb and | and contribute little intensity. The calculated S(Q) from
CD3NDj shows remarkable behavior (Figures 2H, S6, and S7), namely well-defined
diffuse rods along the zone edges in addition to broad, isotropic intensity. This

broad, isotropic component is a result of uncorrelated MA* dynamics®*°

commonly
associated with the nominally cubic phases of hybrid LHPs. The presence of addi-
tional zone-edge intensity, however, shows that previously unreported intermolec-
ular structural correlations exist in the MA™ sublattice. These local correlations are
not purely 2D, as the intensity varies along individual diffuse rods in the MA™ 5(Q)
(Figures S6 and S7). Layers of PbX, octahedra are sandwiched between layers of
MA™" cations; therefore, we expect the out-of-plane MA™ structural correlations to
extend at least two unit cells. Finally, the MA™ and PbX, correlations are connected,
as evidenced by a nonzero interference term, shown in Figure S8, which results in the

alternating diffuse intensity profile observed in NDS.

The lateral size of the 2D pancakes, given by the correlation length, £, is obtained
from the Q-linewidth of the XDS and NDS diffuse rods. We fit the intensity of one-
dimensional cuts in A ' across various diffuse rods to a Lorentzian lineshape in
accordance with Ornstein-Zernike theory for exponentially decaying spatial
correlations:

_r
r2+(q - q)°
where I = 1/£ is the half-width at half-maximum (HWHM) of the fitted Lorentzian and
£ is the correlation length.'%*” Correlation lengths of 4-6 unit cells (~3 nm) in diam-
eter are obtained for MAPbBr; and MAPbI;, as reported in Table S1. Similar ¢ are

obtained from NDS and XDS, indicating that the in-plane ¢ of the MA* sublattice
is nearly equivalent to the 2D PbX, correlations. We also calculate £ directly from

S(q) = (Equation 1)

the MD simulations (see Figures S9-S12 and related discussion) and find values
consistent with the experiment.

MD simulations show that the 2D structural correlations are transient and diffusive,
and the dynamics of the octahedral correlations are tracked in Figure 3 and Videos
S1 and S2. We investigate the dynamics of the Pbl, and MA™ correlations by evalu-
ating the energy dependence obtained from the dynamical structure factor S(Q,
E = hw), measured with neutron inelastic spectroscopy (NIS) on MAPbl; at 340 K.
The S(Q, E) in the L = 0.5 plane, integrated from — 1 < E < 1 meV, is shown in the
right-hand panel of Figure 4A and matches that observed with NDS (Figure 2B)
and that calculated from MD (left-hand panel, Figure 4B). A slice of S(Q, E) along
the diffuse rod presented in Figure 4B shows that the intensity is centered at £ =

0 meV, with no inelastic component visible. Incoherent-background-subtracted en-
ergy scans (integrated along the length of the diffuse rod) show a finite, quasielastic
component, as exemplified in Figure 4D. Quasielastic scattering is a result of diffu-
sive or relaxational motions involving small energy transfers, manifesting as a peak
centered at E = 0 meV with a nonzero linewidth. The scattering is fit to a relaxational
(Lorentzian) model, broadened by the resolution function, as shown in Figure 4D.
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Figure 4. Energy dependence of the diffuse scattering in MAPbI;

(A-D) Neutron inelastic scattering data were measured at 340 K. In the left panel of (A), the S(Q) from MD and the experiment is integrated from — 1 <
E < 1meV.MD S(Q, E) is plotted in the left panel of (B). Powder rings from the aluminum sample holder are visible in (A). Constant-Q scans at the R-point
(C), integrated along 1.45:H:1.55, 1.45:K:1.55, 0.45:L:0.55, and along the diffuse rod (D), integrated along 0.55:H:1.45, 1.45:K:1.55, 0.45:L:0.55), are fit to
Gaussian and resolution-broadened Lorentzian lineshapes with resolution linewidth of 0.5 meV FWHM, respectively (red dashed lines). The black line in
(C) indicates the 0.5 meV resolution FWHM. In (D), we include the resolution lineshape (black dash-dot line), demonstrating a finite width beyond the
resolution. Data in (C) and (D) follow Poisson statistics, where intensity is plotted as counts n++/n.

(E) The average HWHM (and corresponding lifetime) obtained from Lorentzian fits to constant-Q scans is plotted for experiments and MD. The dashed
line represents the energy resolution of the MERLIN spectrometer. The experimental HWHM is the average + standard deviation of fits for four
separate diffuse rods.

The average energy HWHM, plotted in Figure 4E, is 0.2040.01 meV, with a corre-
sponding lifetime 7 = h/HWHM of 3.254+0.13 ps. Lifetimes are obtained in the
same manner from the calculated S(Q, E), as shown in Figure S13, and the average
lifetime of 2.8 ps is reported in Figure 4E. We note that these lifetimes are consistent
with the mean residence time for rotations of the C-N bond in cubic MAPblI3, sug-
gesting that MA™ reorientations are in part driven by the PbX, correlations.** Over-
all, the structural correlations are dynamic with finite lifetime of several picoseconds.

R-point scattering (Q = [1.5,1.5,0.5], Figure 4C) noted above has been investigated
previously and is attributed to static droplets of the intermediate-temperature
tetragonal phase embedded within the high-temperature cubic phase, possibly
nucleating about defects.?”” We observe no inelastic scattering at the R points in
both the NISorMD S(Q = (H,1.5,0.5), E) in Figure 4B. Incoherent-background-sub-
tracted energy scans at a constant Q corresponding to R points are best fit by a
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Gaussian lineshape with resolution-limited linewidth (Figure 4C), hence this scat-
tering is static with £ = 2 nm (Table S1), consistent with previous reports.27 These
droplets are distinct from the 2D pancakes, but we are not able to resolve the spatial
distribution of these two components. We expect that both structures influence MA™
orientation.

The appearance of small regions of a lower-temperature phase above the phase
transition temperature is often a hallmark of critical scattering. For phase transitions
with critical fluctuations, there is a marked jump in the scattering intensity associated
with the low-temperature phase as the system is cooled through the transition.* We
investigate the temperature dependence of the diffuse scattering in Figures S13 and
S14 through the cubic-tetragonal transition temperatures for MAPbl; and MAPbBrs;.
The intensity of the diffuse rods increases continuously on cooling through the tran-
sition; however, no significant and abrupt jump in intensity is observed. Further-
more, the 2D nature of the dynamic structural correlations is not typical of critical
behavior at phase transitions. For the R-point scattering, however, there is a large
jump in intensity, as the cubic R-point transforms to the I'-point of the tetragonal
phase, producing Bragg scattering. The critical nature of the R-point scattering

has been addressed previously.”>*’

We contrast our results to the 2D correlations in CsPbBrs.® These correlations,
reportedly driven by soft, overdamped, anharmonic phonons at the BZ edge,
occur within the high-temperature cubic phase at 433 K. Anharmonic lattice dy-
namics are well documented in LHPs>*3°37:40. therefore, we expect that the corre-
lations we observe in the hybrid LHPs MAPbl; and MAPbBr; arise from over-
damped phonons as well. These phonons generate the non-dispersive,
quasielastic intensity along the M-R BZ edge in Figure 4B. Given the existence
of 2D PbBrg correlations in CsPbBrs, we propose that MA™ orientation is driven
by PbX, tilts; the MA* molecules orient to favor the lowest energy configuration
defined by the distorted cuboctahedral geometry of the tilted regions and electro-
static interactions between lead-halide octahedra and polar MA* molecules.**"’
The dynamic intermolecular correlations, forced by octahedral correlations, have
been previously unreported and likely contribute to the excellent optoelectronic
properties of hybrid LHPs. Furthermore, the correlations we observe in hybrid
LHPs occur at temperatures relevant to device operation and have a longer life-
time than those in CsPbBr;. Therefore, we expect that this dynamic structure has
a direct impact on device performance by influencing halide migration and charge
carrier dynamics.

Our results show that the simple cubic phase of MAPbl; and MAPbBr; is in fact a
composite structure containing dynamic 2D structural correlations and static tetrag-
onal droplets with ¢ of a few nanometers. MA™ correlations, induced by octahedral
tilts, extend 2-3 unit cells in the normal direction. The simple cubic phase is only
recovered when this composite is averaged over space and time (Figures 1A-1D).
It is now critical to connect the structure observed here with the remarkable proper-
ties of hybrid LHP devices. The MD potential used here has predicted optoelectronic
properties and ionic conductivities that match well with experimental data,?%*?
Mayers et al. conclude that the large-amplitude, dynamic iodide displacements
are the main driver of the long charge carrier lifetime. In Figure S18, we show that
the S(Q) calculated from the simulation of Mayers et al. is in excellent agreement
with our calculations and experimental data, demonstrating that the same structure
is present in their simulations. The large-amplitude iodide displacements likely arise
from the correlations we observe. Thus, the 2D dynamic correlations are responsible
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for the unique charge carrier dynamics in hybrid LHPs. Based on the above assess-
ment, we conclude that the ionic mobility reported in Barboni and De Souza is
similarly impacted by the observed dynamic correlations.

Finally, we hypothesize how the dynamic correlations and static droplets
contribute to the optoelectronic properties and halide migration. We expect the
structure introduces spatial anisotropy into the electronic potential landscape,
with a longer lifetime than variations resulting from uncorrelated dynamic disorder.
MA™ has a large electric dipole moment of 2.3 Debye along the C-N axis.* Uncor-
related dynamic disorder of the MA™ sublattice, as previously reported, would
generate a zero or negligible dipole moment. The MA™ correlations observed
here, however, may generate a net dipole moment, and this could lead to tran-
sient, local ferroelectric or antiferroelectric domains with lifetimes in the order of
3-6 ps. These domains influence electron-hole recombination and shift band align-
ment.**** The dynamic structural correlations also affect ion migration. Because
the lifetime of the dynamic structural correlations (3-6 ps) exceeds the calculated
time between attempted halide jumps (1 ps),*® a prefactor in calculating diffusivity,
the correlations appear static and must be considered in future calculations. These
correlations may impose a barrier to halide migration and reduce diffusivity.>' The
origin of the remarkable optoelectronic properties of LHPs continues to elude re-
searchers; the local structure solved here is an important step in a complete under-
standing of these materials.

EXPERIMENTAL PROCEDURES
Resource availability

Lead contact

Nicholas J. Weadock.

Materials availability
This study did not generate new unique materials.

Data and code availability

The code used to calculate S(Q, E) from MD datasets is available at Zenodo: https://
doi.org/10.5281/zenodo.7662344. The symmetrized XDS datasets used in our anal-
ysis are available at Zenodo: https://doi.org/10.5281/zenodo.7668462, and the
background subtracted NDS datasets are available at Zenodo: https://doi.org/10.
5281/zenodo.7675312. Neutron inelastic scattering datasets and experimental in-
formation are available at the ISIS Neutron and Muon Source Data Journal:
https://doi.org/10.5286/ISIS.E.RB2010431-1.

Single crystal growth

Materials

Methyl-ds-amine (CD3NH;, 99 at. % D) was purchased from Sigma-Aldrich. Hydro-
bromic acid (concentrated HBr solution, 48% in water) was purchased from Acros
Organics. Hydroiodic acid (concentrated HI solution, >47 % in water with < 1.5%
hypophosphorous acid) was purchased from Sigma-Aldrich. Methanol-ds and
ethanol-d, were purchased from Acros Organics and Cambridge Isotope Labora-
tories, respectively, with Arnold et al. >99 at. % D purity. Pbl, (99.999+%-Pb) and
PbBr, (98+%, extra pure) were purchased from Strem Chemicals and Acros Or-
ganics, respectively. CH3NH;l and CH3NH3Br were purchased from Greatcell Solar
Materials. All solvents were of reagent grade or higher purity and anhydrous solvents
were stored over molecular sieves or used directly from a JC Meyer solvent purifica-
tion system.
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Synthesis of CD3ND3X3 (X = Br, 1)

Methyl-d3-amine was bubbled through ethanol (in a round bottom flask with flowing
N, in the headspace) in an ice water bath under vigorous stirring for approximately
2 min. Excess concentrated HBr was subsequently added dropwise with stirring. Af-
ter the solution warmed naturally to room temperature (RT), the solvent was
removed under reduced pressure at 60°C. The resulting oil was re-dissolved in anhy-
drous ethanol and the product, CD3NH3Br, was precipitated as a colorless solid
upon addition of the solution to cold diethyl ether. The solid was isolated by vacuum
filtration and subsequently re-dispersed, sonicated, and isolated from diethyl ether
three times before drying the product overnight under reduced pressure.

Solid CD3NH3Br was dissolved in ethanol-ds and stirred for 3 h at 60°C before
precipitating the product in anhydrous diethyl ether and removing excess solvent
under reduced pressure. This hydrogen-deuterium exchange was repeated twice
more before finally isolating and drying the product, CD3ND3Br, at 65°C overnight.

The synthesis of CD3NDjl followed an analogous procedure as for CD3ND3Br,
except for the substitutions of: ethanol (or ethanol-d¢ during the exchange) for meth-
anol (or methanol-d,4), and concentrated HBr for concentrated Hl.

Crystallization of CD3ND3PbBrs

Solid CD3ND3Br (0.235 g, 2 mmol) and PbBr; (0.731 g, 2 mmol) were combined in
2 mL of anhydrous dimethylformamide and the mixture was sonicated for 20 min.
Once dissolved, the solution was passed through a 0.22-um hydrophilic PTFE filter
and transferred to an oil bath at 78°C. Crystals of CD3ND3PbBr3 slowly nucleated
at the interface between the solution and the surface of the vial as the temperature
increased slowly (1°C-3°C h™") from 78°C (up to 85°C~100°C). Crystals were isolated
from the hot solution and the residual precursor solution was quickly removed from
the surface of the crystal. Large crystals (=200 mg) were obtained by isolating small
crystals (25-50 mg) as seeds and re-filtering the precursor solution into a fresh vial
with one seed crystal and quickly transferring back to the oil bath at 78°C. Repeating
the temperature ramp described above resulted in large crystal growth after a
period of minor re-dissolution from the seed.

Crystallization of CH3NH3PbBr3;

A 1 M solution of CH3NH3Br and PbBr; in anhydrous dimethylformamide was pre-
pared and sonicated for 1 h. Then 1 mL of the precursor solution was passed through
a glass microfiber filter and transferred to a shell vial. The shell vial was placed inside
alarger vial containing 4 mL of dichloromethane, the anti-solvent for the vapor diffu-
sion crystallization, and sealed. Millimeter-scale CH3NH3PbBr3 crystals formed over
the course of hours to days at RT.

Crystallization of CD3ND3Pbls and CH3NH3Pbls

Solid CD3ND3l (0.594 g, 3.6 mmol) and Pbl; (1.66 g, 3.6 mmol) were combined in
3 mL of anhydrous vy-butyrolactone and dissolved at 70°C with stirring. The
solution was hot-filtered through a through a 0.22 pm PTFE filter and immediately
transferred to an oil bath at 70°C. The temperature was increased to 110°C
over the course of approximately 2 h, followed by a slow ramp (1°C-3°C h™")
up to 120°C-130°C. Crystals were isolated and re-seeded as described for
CD3ND3PbBr3 to reach the desired size.

The crystallization of CH3NH3Pbl; followed an analogous procedure as for
CD3ND3Pbls, except for the substitution of CD3NDj3l for CH3NH;l.
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Diffuse X-ray scattering

Reciprocal space maps, including Bragg and diffuse scattering contributions, were
collected in transmission geometry at the Advanced Photon Source Sector 6-1D-D us-
ing monochromatic 86.9 keV X rays. This X-ray scattering is inherently energy inte-
grated, incorporating contributions from both static and thermal diffuse disorder.
Single crystal samples of CD3ND3Pbls, CH3NH3Pbls, and CH3NH3PbBr;, ~ 500 um
in size, were mounted on the tip of Kapton capillaries. At each temperature, the sam-
ple was rotated 365° at 1°s~ ! with images collected every 0.1 s on a Pilatus 2M CdTe
area detector. Sample temperatures were varied between 150 and 300 K with an
Oxford N-HeliX Cryostream and 300-360 K with a hot nitrogen blower. The raw im-
ages are first processed with a peak finding algorithm to determine and refine an
orientation matrix, and then rebinned into a reciprocal space volume + 10 reciprocal
lattice units (r.l.u.) along each reciprocal lattice vector using the CCTW reduction
workflow.>*® The dataset is symmetrized using cubic point group operations to re-
move missing data resulting from gaps between detector pixel banks.

Sample damage is evident from changes in the scattering intensity with prolonged
exposure. The damage thresholds were determined by identifying the onset of addi-
tional scattering intensity in subsequent measurements of the same sample at con-
stant temperature. In MAPbl3, damage is apparent after 90 min of measurement
time, including time when the shutter is off in between each rotation for data collec-
tion. Therefore, all diffuse scattering analyzed here were collected on a fresh sample
within 90 min.

Diffuse neutron scattering

NDS measurements were performed on the CORELLI spectrometer at the Spallation
Neutron Source at Oak Ridge National Lab in Oak Ridge, Tennessee, USA.">""’
Deuterated MAPbBr; (300, 350 mg, rectangular prism) and MAPbl; (220 mg,
rhombic dodecahedron) crystals were used to reduce incoherent background contri-
butions from hydrogen. The crystals were mounted in a closed-cycle refrigerator
(CCR) cryostat and oriented in the (HKO) scattering plane. The incident neutron en-
ergies range from 10 to 200 meV, and the 20 coverage spans —30° to 145°. MAPbBr;
scattering data were collected from 150-300 K for 4-6 h per temperature, and
MAPbI; scattering data were collected from 300 to 400 K at 12 h per temperature
to account for smaller sample size and increased background from the thermal
shielding. Diffuse scattering volumes +6 r.l.u. along each reciprocal lattice vector
were obtained by reducing the raw data using defined workflows implemented in
MANTID.*” The contributions from inelastic scattering are removed by implement-
ing the cross-correlation technique in the MANTID reduction workflow. The cross-
correlation chopper selects elastically scattered neutrons within a resolution band-
width of 0.9 meV full width at half-maximum (FWHM)."” Background artefacts
including the aluminum sample enclosure are removed by subtracting the highest
temperature datasets (300 K for MAPbBr3, 400 K for MAPbI3), normalized by the
Bragg peaks, where little to no diffuse scattering is detected.

Neutron inelastic scattering

Neutron inelastic scattering measurements were performed on the Merlin direct ge-
ometry chopper spectrometer at the ISIS Neutron and Muon source at the Rutherford
Appleton Laboratory in Didcot, UK.*® A deuterated single crystal of MAPbI; weigh-
ing 698 mg was oriented in the (HKK) scattering plane and mounted in a Brookhaven-
style aluminum sample can. Temperature control was performed using a CCR with
heaters attached directly to the sample can. Three incident energies of 11, 22, and
65 meV were selected by utilizing the repetition rate multiplication mode with the
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Fermi chopper setto 250 Hz. The S(Q, E) was collected at 340 K by rotating the sam-
ple 120° in 0.5° steps, and a radial collimator was used to reduce scattering from the
aluminum sample can. Data reduction was performed using the HORACE data
reduction suite and analyzed with Phonon Explorer and the National Institute of Stan-
dards and Technology (NIST) Center for Neutron Research (NCNR) Data Analysis and

Visualization Environment (DAVE) software packages.‘w’51

Energy scans for linewidth analysis were sliced from the 11 meV incident energy
S(Q, E) dataset. The resolution linewidth of this dataset was determined from con-
stant-Q scans at Q values unique to the aluminum Debye-Scherrer rings. Several
constant-Q scans obtained in this manner were fit to a Gaussian lineshape with con-
stant background to obtain an average resolution linewidth of 0.5 meV FWHM. A
representative constant-Q scan was used as the resolution function in subsequent
analyses. The incoherent background was determined from constant-Q scans at Q
values which contain only incoherent scattering with no contributions from diffuse
rods, Bragg peaks, or aluminum Debye-Scherrer rings. Several background scans
were averaged, then subtracted from the constant-Q scans along the diffuse rods
and at the R-point to remove the incoherent background contribution and isolate
the dynamics associated with these features.

Additional high-resolution neutron spectroscopy was performed on the cold
neutron triple-axis spectrometer (SPINS) at the NCNR in Gaithersburg, MD, USA.
The same deuterated single crystal of MAPbl; weighing 698 mg was oriented in
the (HKK) scattering plane and mounted in a Brookhaven-style aluminum sample
can. Constant-Q scans, in which we vary the energy transfer while maintaining con-
stant momentum transfer Q, were performed with a fixed final energy Er = 5 meV.
We compare constant-Q scans taken along Q = (2, k,0) and at Q = (1.5,0,0) at 300
and 140K, to constant-Q cuts calculated from the MD S(Q, E) as a way to validate the
calculations.

Molecular dynamics simulations

MD trajectories for MAPbI; are generated using identical simulations to those in Zhu
and Ertekin.*® We checked our calculations using both the mass of hydrogen and the
mass of deuterium in the simulation and found no noticeable difference. We used a
20%20x20 super-cell that is based on the 12-atom pseudocubic unit cell with cell
length a=6.3 A. The simulations were done in the Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS) package.®” The inter-atomic potential is
from Mattoni et al.>® Trajectories were integrated using a 0.25 fs time step
throughout. For the first 20 ps, the system was thermalized in the NPT ensemble
at 345 K and 0 Pa, then it was equilibrated for another 20 ps in the NVE ensemble.
After equilibration, the equations of motion were integrated for 20 ns and trajec-
tories were written to a file every 25 fs.

S(Q,E) calculations
The dynamical structure factor, S(Q, E), can be calculated from MD. Given a set of
suitably accurate trajectories, ri(t), S(Q, E) can be evaluated directly as

ﬁ:ﬁ-(o) / exp (i((}r,v(t) - §r> )dt

See the supplemental information and references therein® ' for a derivation of

2

S(Q,E) = (Equation 2)

Equation 2. The theoretical S(Q, E) calculations were done with a Python code
developed by us.®” The calculated S(Q, E) is weighted by X-ray atomic form factors
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or thermal neutron scattering lengths for direct comparison to experimental
data.’**’ If the experiment uses neutrons, f;(Q) = b; is the Q-independent scattering
length; if the experiment uses X rays, fi(Q) is the Q-dependent atomic form factor
where Q is the magnitude of momentum transferred, Q, from the incident beam
of particles into the material. E is the energy transferred into the material and the
sum runs over all N atoms.

The reciprocal space resolution from MD is AQ=0.05A . We do not integrate the
calculation over reciprocal space unless otherwise specified, so the pixels in theoret-
ical 5(Q, E) plots have this spacing. In order to ensure we are far from the transient
thermalization regime in MD, we only sample the end of the simulation. We split the
last 0.25 ns of the simulation into 15 blocks that are =17 ps long; S(Q, E) is then
calculated from 8 non-consecutive blocks and averaged over them. For 17 ps blocks
with a 50 fs sampling interval, the energy resolution is about 0.24 meV and the
maximum resolvable energy is 41.4 meV.

To compare to the experimental NDS data in Figure 2, theoretical S(Q, E) is inte-
grated between +1 meV, which is comparable to the resolution in the experiment.
To compare to the experimental XDS data in Figure 2, theoretical S(Q, E) is inte-
grated between +£2 meV. To compare with NIS data in Figure 3, both the experi-
mental and theoretical S(Q, E) are integrated £ 1 meV. Anywhere that purely theo-
retical data are compared, the integration is +1 meV. For excitations (e.g.,
Figure 4B), the theoretical S(Q, E) is not integrated over energy; the MD energy res-
olution is set by the length of the trajectory sampled in the calculation.

The workflow and analysis outlined above was performed on MD simulations of
deuterated MAPbl3 and no significant differences were observed. The protonated
results are used in the main text for direct comparison to the experimental
measurements.

Plotting

The unit cells in Figures 1A and 1B were plotted in vesta.®® The volumetric plot in Fig-
ure 1E was made in mavavi.* Most other plots were made using the matplotlib pack-
age for Python.®®

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.joule.
2023.03.017.
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