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Abstract

Compositional mixing enables bandgap and phase-stability engineering in metal halide perovskites,
but its effect on intrinsic ion mobility is obscured by surfaces, interfaces, and concurrent
structural dynamics. Here, variable-temperature magic-angle-spinning NMR combined with
machine-learning-accelerated molecular dynamics separates soft-phonon relaxation from vacancy-
mediated diffusion across a Cs/Rb-Br/I composition matrix. Br/I mixing markedly accelerates bulk
halide transport, whereas combined Br/I and Cs/Rb substitution produces a second, slower regime
assigned to A-site cation diffusion. Linewidth and relaxation analyses yield consistent hopping
barriers and an Arrhenius-extrapolated room-temperature bulk halide diffusivity of order 10-11
cm2 s-1, below values commonly inferred from electrical measurements of thin films. Simulations
at fixed vacancy concentration reproduce the species-dependent mobility trends and indicate
that static local distortions broaden the distribution of migration environments, creating locally
accessible pathways for ion motion. These results distinguish intrinsic mobility per available defect
from macroscopic ion redistribution, which additionally depends on defect abundance, interfaces,
and thermodynamic or photoinduced driving forces. Enhanced per-defect mobility therefore need
notimply rapid operational phase segregation, providing a framework for connecting compositional
disorder with processing and stability in multicomponent ionic semiconductors.
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ABSTRACT: Compositional mixing enables bandgap and phase-stability engineering in metal halide perovskites, but its effect
on intrinsic ion mobility is obscured by surfaces, interfaces, and concurrent structural dynamics. Here, variable-temperature
magic-angle-spinning NMR combined with machine-learning-accelerated molecular dynamics separates soft-phonon relaxa-
tion from vacancy-mediated diffusion across a Cs/Rb-Br/I composition matrix. Br/I mixing markedly accelerates bulk halide
transport, whereas combined Br/I and Cs/Rb substitution produces a second, slower regime assigned to A-site cation diffu-
sion. Linewidth and relaxation analyses yield consistent hopping barriers and an Arrhenius-extrapolated room-temperature
bulk halide diffusivity of order 10-!' cm? s-1, below values commonly inferred from electrical measurements of thin films.
Simulations at fixed vacancy concentration reproduce the species-dependent mobility trends and indicate that static local
distortions broaden the distribution of migration environments, creating locally accessible pathways for ion motion. These
results distinguish intrinsic mobility per available defect from macroscopic ion redistribution, which additionally depends on
defect abundance, interfaces, and thermodynamic or photoinduced driving forces. Enhanced per-defect mobility therefore
need not imply rapid operational phase segregation, providing a framework for connecting compositional disorder with pro-
cessing and stability in multicomponent ionic semiconductors.

Atomic-level motion in metal halide perovskites underlies
both the promise and the instability of these semiconduc-
tors. Their unusual defect tolerance, long carrier lifetimes,
and compositional tunability have made halide perovskites
central to emerging optoelectronic technologies, especially
multi-junction photovoltaics (PVs).1-3 Yet the same compo-
sitional flexibility that enables control over bandgap and
phase stability also creates pathways for local phase segre-
gation and to transformation into photoinactive non-perov-
skite phases under operating conditions.1?-¢ These trade-
offs are especially acute in Cs*-containing mixed bromide-
iodide compositions with bandgaps near 2 eV, which now
play a key role in high-efficiency multi-junction PV de-
vices.178 A central challenge is that the thermal behavior of
these materials is governed by several dynamic processes
at once, most prominently soft phonon modes associated
with octahedral tilting ° and the diffusion of mobile ions.1?
Both processes are thermally activated, both are strongly
composition-dependent, and both reshape structure and
performance during synthesis and operation. Yet they have
proven difficult to isolate experimentally in the bulk perov-
skite phase, where the microscopic origin of atomic motion
remains incompletely understood. An important distinction
is that macroscopic ion redistribution is governed not only
by the mobility of individual defects, but also by their con-
centration, interfaces, and chemical or photoinduced driv-
ing forces. Direct measurement of bulk atomic motion is

therefore required to separate intrinsic mobility from oper-
ational phase segregation.

Most experimental approaches to ion migration in halide
perovskites interrogate materials using electrical measure-
ments, where extracted transport parameters are strongly
influenced by surfaces, interfaces, and grain boundaries.!1-
15 Those measurements are invaluable for device opera-
tion'617, but they do not necessarily reveal the atomic-scale
diffusion processes occurring within the perovskite struc-
ture itself, which are crucial for both material synthesis and
stability.!? By contrast, magic-angle spinning nuclear mag-
netic resonance (MAS NMR) directly probes the local envi-
ronments and dynamics of nuclei throughout the bulk
phase. Here we use variable-temperature MAS NMR, com-
bined with molecular dynamics (MD) based on a machine-
learned interatomic potential, to disentangle phonon-
driven phase behavior from ionic diffusion in a series of in-
organic halide perovskites relevant to multi-junction PV:
CsPbBr3, CsPb(Broslos)s, (Cso75Rbo2s)PbBrs,  and
(Cso.75sRbo.25)Pb(Broslos)s. Across this composition series,
we show that Br/I mixing accelerates bulk halide transport,
whereas combined Br/I and Cs/Rb substitution gives rise to
a second, slower A-site diffusion regime. Molecular dynam-
ics reproduces these species-dependent trends at fixed va-
cancy concentration and indicates that compositional disor-
der broadens the distribution of local migration environ-
ments. This comparison separates intrinsic bulk mobility



from the additional factors governing macroscopic ion re-
distribution and provides a more rigorous basis for con-
necting atomic-scale dynamics with the processing and sta-
bility of multicomponent halide perovskites.

Separating Phase-Transition Signatures from Diffusive
Motion

We first establish how variable-temperature 133Cs MAS
NMR captures phase-transition behavior and the underly-
ing phonon dynamics occurring around phase transitions.
In these perovskites, 133Cs is highly sensitive to the local
structural environment around the A-site and therefore
provides a direct probe of thermally induced structural evo-
lution (Fig. 1a-e and Supplementary Note S1).11819 For
CsPbBr3, the temperature dependence of the isotropic 133Cs
shift and linewidth reveals two known phase transitions
and supports the existence of an additional low-tempera-
ture transition previously proposed from diffraction.2® The
sensitivity of the 133Cs line shape to these subtle structural
changes highlights the power of MAS NMR to detect sym-
metry-breaking behavior that can be difficult to resolve in
mixed and disordered materials. However, once composi-
tional mixing is introduced, static disorder substantially
broadens the room-temperature 133Cs resonances, masking
some of the spectral discontinuities that would otherwise
mark phase transitions directly. That broadening is itself in-
formative: it reflects a distribution of local environments
created by A-site or X-site substitution. But it also means
that a more disorder-tolerant NMR observable is needed to
follow phonon-driven transitions across the full composi-
tion series.

We therefore turn to 133Cs spin-lattice (T1) relaxation. As T1
relaxation is most efficient when atomic motion occurs near
the Larmor frequency, minima in T1 provide a sensitive sig-
nature of thermally activated dynamics (Supplementary
Note S2). In all four compositions, T: reveals distinct min-
ima associated with structural phase transitions, although
these are not observed for every phase transition (Fig. 1f-i
and Supplementary Note S2). For the three materials in
which the high-temperature transition can already be as-
signed from one-dimensional spectra, the transition tem-
peratures coincide with T1 minima. For
(Cso.75Rbo25)Pb(Broslos)s, where static disorder makes
straightforward spectral assignment difficult, T1 clearly
captures the high-temperature transition (Fig. 1i). These
measurements show that relaxation resolves phase behav-
ior even when line broadening obscures it in one-dimen-
sional spectra. This finding is notable as compositional mix-
ing in halide perovskites often makes detecting phase tran-
sitions via conventional thermal methods challenging.2%.22
More importantly, these NMR relaxation measurements
provide a route to isolate phonon-driven phenomena from
diffusive motion later in our analysis.

To understand the origin of the strong composition depend-
ence of these transitions, we model the same materials us-
ing MD simulations and a machine-learned interatomic po-
tential (Fig. 1j and Supplementary Note S3).° The simula-
tions reproduce the experimentally observed composi-
tional trend in transition temperatures, most notably the
marked increase in the high-temperature transition upon

partial substitution of Cs* by Rb*. We then analyze the soft
phonon modes associated with octahedral tilting. In CsP-
bBr3, both the M- and R-point tilt modes soften toward the
transition as expected, confirming that the observed relax-
ation minima are coupled to phonon softening. Across the
mixed-ion compositions, the same general behavior per-
sists, but the oscillations become more strongly damped
and the mode frequencies are reduced. The in-phase M
mode is particularly affected, consistent with this mode ap-
proaching the 133Cs Larmor frequency closely enough to
dominate relaxation near the transition. Together, these re-
sults identify the phase-transition signatures that must be
distinguished from diffusion-related relaxation in the anal-
ysis below. They also show that compositional mixing mod-
ifies the phonon spectrum; their principal role here is to
provide an internal assignment framework for the subse-
quent ion-transport measurements.

Compositional Mixing Activates Distinct Halide and A-
Site Diffusion Regimes

Having separated phase-transition signatures from other
temperature-dependent phenomena, we next examine ion
diffusion. Vacancy-mediated hopping is expected to domi-
nate self-diffusion in halide perovskites, with halide motion
generally occurring more readily than A-site cation mo-
tion.102324 In CsPbBrs, variable-temperature 207Pb MAS
NMR provides an early indication of rapidly changing dy-
namics: scalar () coupling between lead and bromine dis-
appears at elevated temperatures, indicating loss of a static
Pb-Br bonding environment on the NMR timescale (Fig. 2a
and Supplementary Note S4). In mixed-ion compositions,
however, the most informative probe is again 133Cs NMR.
Static disorder broadens the room-temperature 33Cs spec-
trum because halide or A-site substitution produces a dis-
tribution of distinct local Cs* environments. When diffusion
becomes rapid, that disorder is motionally averaged and the
line narrows. This makes line narrowing a sensitive, bulk-
selective reporter of species-resolved ion motion in mixed
perovskites (Fig. 2b).

In CsPb(Broslos)s, the 133Cs signal, which is broad at room
temperature, narrows very substantially on heating, yield-
ing an activation energy for halide hopping of about 0.34 eV
via linewidth analysis (Fig. 2¢ and Supplementary Note
$4). In (Cso.7sRbo.2s)PbBr3, A-site disorder also broadens the
low-temperature signal, but narrowing remains incomplete
even at the highest temperatures measured, indicating that
A-site diffusion is still comparatively slow (Fig. 2d). By con-
trast, the doubly mixed composition,
(Cso.7sRbo.25)Pb(Broslos)s, undergoes nearly complete nar-
rowing at high temperature despite its much broader room-
temperature 133Cs linewidth. In this material, line narrow-
ing occurs in two temperature regimes, corresponding to
two independently resolved motional averaging processes
(Fig. 2e, f). The lower-temperature regime yields the same
halide activation energy found for CsPb(Broslos)s, suggest-
ing halide diffusion is largely insensitive to A-site composi-
tion. The higher-temperature regime yields an A-site hop-
ping barrier of around 0.8 eV, which we attribute to motion
in the A-site sublattice. These observations collectively
show that in this system halide mixing accelerates both hal-
ide and A-site diffusion.
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Fig. 1. 133Cs MAS NMR spectroscopy reveals phonon mode softening driving perovskite phase transitions. (a) Variable
temperature 133Cs MAS NMR spectra (20.0 T, 4 kHz MAS) of CsPbBrs. Summary of 133Cs shift and 133Cs full-width half maximum
(FWHM) linewidth extracted from 133Cs MAS NMR of CsPbBrs (b), (CsozsRbozs)PbBrs (c), CsPb(Broslos)s (d) and
(Cso.7sRbo2s)Pb(Broslos)s (e). (f-i) Arrhenius plots of 133Cs T relaxation times for the same four perovskite compositions.
Phase transition temperatures are assigned based on NMR spectra wherever possible, or otherwise via differential scanning
calorimetry measurements (Fig. $6). (j) M- and R-tilt mode frequencies obtained from MD simulations via phonon mode
projection analysis as a function of temperature in the tetragonal and cubic phases of inorganic halide perovskites. Solid lines
show fits to a Curie-Weiss-type power law as a guide to the eye (see Methods).

133Cs Ty provides an independent probe of the faster end of consistently attributed to halide diffusion. The fact that the
this motion. In the two mixed-halide compositions, but not minimum appears at nearly the same temperature in
in the bromide-only materials, T: exhibits a second high- CsPb(Broslos)s and (Cso.7sRbo.2s)Pb(Broslos)s reinforces the
temperature minimum that does not correspond to a phase conclusion from linewidth analysis that halide diffusion de-
transition. For 133Cs at 20 T, this minimum corresponds to pends primarily on X-site rather than A-site composition.

motion on the nanosecond timescale and therefore is most The activation energy obtained from the slope of the



relaxation data is slightly lower compared to that obtained
from linewidths (see Supplementary Note S4-5 for numer-
ical values), but both analyses place halide hopping in the
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range expected from theory and show that iodide-bromide
mixing markedly increases the rate of bulk halide transport.
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Fig. 2. Revealing and quantifying compositional dependence of halide and A-site ion diffusion by MAS NMR. (a) Vari-
able temperature 27Pb MAS NMR spectra (20.0 T, 4 kHz) of CsPbBrs. (b) Schematic showing structural origin of motional
averaging regimes leading to spectral narrowing at elevated temperatures. (c) 133Cs linewidth analysis of CsPb(Broslos)s. Var-
iable-temperature 133Cs MAS NMR spectra (20.0 T, 4 kHz) of (Cso.7sRbo.25)PbBrs (d) and (Cso.7sRbo.2s)Pb(Broslos)s (€). (f) 133Cs

linewidth analysis of (Cso7sRbo2s)Pb(Broslos)s.
(Cso.7sRbo.2s)Pb(Broslos)s (g) and CsPb(Broslos)s (h).

To probe the slower A-site process more directly, we meas-
ure 133Cs spin-spin (T2") relaxation. Unlike linewidth nar-
rowing, T>'analysis does not require full motional averaging
of static disorder, making it especially useful for sluggish
diffusion. In the doubly mixed composition (simultaneous
Cs/Rb and I/Br mixing), T2’ exhibits two minima: a lower
and higher temperature one, which we attribute, respec-
tively, to halide hopping and A-site cation hopping (Fig. 2g).
The latter yields an activation energy of 0.77 eV, close to
that obtained from linewidth analysis (0.84 eV), confirming
that A-site migration becomes accessible only at substan-
tially higher temperatures than halide diffusion. In
CsPb(Broslos)s, by contrast, only the lower-temperature

Arrhenius

plots of 133Cs T2' relaxation time constants for

minimum is observed within the accessible temperature
window, indicating that without Rb* substitution A-site va-
cancies remain much less mobile (Fig. 2h). Collectively, the
linewidth, T, and T>' analyses show that halide and A-site
diffusion can be distinguished, that halide diffusion is pri-
marily governed by X-site composition, and that A-site dif-
fusion depends on both X- and A-site composition.

Importantly, these NMR measurements permit an estimate
of intrinsic bulk halide diffusivity (Supplementary Note
§5).2526 Extrapolating the high-temperature motional cor-
relation times using the Arrhenius model gives a room-tem-
perature diffusion coefficient of order 10-1* cm? s-! for the
mixed-halide compositions. Because this extrapolation



spans structural phase transitions, we treat the value as an
order-of-magnitude estimate rather than a direct room-
temperature measurement. It nevertheless lies below the
10-8-10-° cm? s~! range commonly inferred from electrical
measurements of thin films.?’-31 Those measurements in-
clude contributions from grain boundaries, interfaces, and
other defect-rich pathways,!1-15 whereas MAS NMR is sen-
sitive to atomic motion within the bulk perovskite phase.
Macroscopic transport coefficients should therefore not be
interpreted as intrinsic bulk diffusivities without account-
ing for composition and microstructure.

Molecular Dynamics Reproduces Composition-Depend-
ent Ion Mobility

To rationalize the experimentally observed trends, we per-
form large-scale molecular dynamics simulations for the
same composition series, together with CsPbls, using a ma-
chine-learned interatomic potential trained to describe de-
fect formation and migration (Supplementary Note S6).32
The calculations use a fixed vacancy concentration and
therefore compare mobility per available defect rather than
equilibrium defect populations. Within this constraint, they
reproduce the qualitative experimental trends and the sep-
aration between halide and A-site diffusion timescales.

For halides, the lowest diffusivities occur in the end-mem-
ber bromide and iodide materials, whereas either A- or X-
site mixing promotes overall halide diffusivity, with com-
bined A- and X-site mixing giving the highest overall halide
diffusion (Fig. 3a). For A-site cation transport, the composi-
tional dependence is even more pronounced: mixed A-site
and mixed-halide chemistry together produce the most
rapid A-site cation diffusion, whereas CsPbBr3 displays the
lowest diffusivity (Fig. 3b). The simulations also reproduce
the large separation between halide and A-site timescales
seen by NMR, with halides consistently diffusing much
faster than A-site cations, by a factor of around 103. This re-
sult rationalizes the line narrowing and T1/T>' reduction ob-
served in NMR as indeed corresponding to ionic motion. Ar-
rhenius fitting results in vacancy-mediated ion hopping ac-
tivation energies comparable to those found experimentally
by NMR (Fig. 3¢).

The simulations also shed light on which ions dominate
transport in mixed-ion perovskites. In bromide-iodide com-
positions, iodide diffuses more readily than bromide, partly

Temperature (°C)

accounting for the enhanced overall halide transport rela-
tive to pure CsPbBrs (Fig. 3a). However, counterintuitively,
CsPbls does not show the fastest halide diffusion; instead,
its diffusivity is comparable to that of CsPbBrs and lower
than that of the mixed-halide materials. This observation
rules out a simple monotonic picture in which diffusion is
determined only by larger anion size or weaker average Pb-
Xbonding. Likewise, on the A-site, Rb* diffuses more rapidly
than Cs* in mixed-A-site compounds, but the simulations
show that Cs* mobility also increases in the compositionally
mixed materials (Fig. 3b). Thus, neither average lattice con-
traction nor steric crowding alone can explain the trends.

To identify the origin of these trends, we compare structural
factors that change upon ion mixing, including bond
strengths, dynamic disorder, steric constraints along migra-
tion pathways, and static local distortions (Supplementary
Note S6). Within this composition series, static local distor-
tion shows the strongest association with enhanced mobil-
ity. Mixing broadens the distribution of local environments
and creates a low-barrier subset of migration pathways that
is absent from the compositionally uniform end members.
Composition therefore changes not only the average struc-
ture or mean hopping barrier, but also the distribution of
pathways available to a mobile defect. This explains why the
mixed compositions can exhibit greater diffusivity even
when their average activation energies change only mod-
estly.

These findings refine rather than overturn previous reports
of ion migration in compositionally mixed perovskites. Elec-
trical measurements have shown reduced migration barri-
ers and increased mobile-ion densities in mixed-halide
films, while recent machine-learned molecular dynamics
simulations predict enhanced halide-defect diffusion in
CsPb(I/Br)s. At first sight, enhanced intrinsic mobility may
appear inconsistent with the suppressed photoinduced
phase segregation reported for closely related Rb/Cs-Br/I
compositions. The quantities are different: our simulations
compare mobility at fixed vacancy concentration, whereas
macroscopic segregation additionally depends on equilib-
rium defect abundance, interfaces, and the thermodynamic
or photoinduced driving force. Operational stability there-
fore cannot be inferred from per-defect mobility alone.
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Compositional mixing therefore has several distinct conse-
quences. It changes the intrinsic mobility of an existing de-
fect by reshaping its local migration landscape, while also
influencing defect formation, phase thermodynamics, and
microstructure. These effects need not vary in the same di-
rection. The present measurements isolate the first contri-
bution, showing that the ion-mixing strategies used to con-
trol bandgap and phase stability also modify bulk phonon
behavior and per-defect ion mobility. Variable-temperature
MAS NMR thus provides a means of evaluating intrinsic dy-
namics independently of the interfaces and defect popula-
tions that often dominate device-scale measurements.

In summary, variable-temperature MAS NMR combined
with machine-learned molecular dynamics separates soft-
phonon behavior, halide diffusion, and A-site cation diffu-
sion in compositionally disordered halide perovskites. The
central insight is not that disorder is uniformly beneficial or
detrimental, but that it broadens the local migration land-
scape and creates pathways with substantially different mo-
bilities. Distinguishing mobility per available defect from
defect concentration and macroscopic driving forces pro-
vides a more rigorous basis for relating atomic-scale dy-
namics to processing and operational stability in multicom-
ponent ionic semiconductors.
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