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We investigate the hypothesis of dynamic tetragonal domains occurring in cubic CH3NH3PbI3 using
high-resolution neutron spectroscopy to study a fully deuterated single crystal. The R-point scattering
above the 327.5 K cubic-tetragonal phase transition is always resolution limited in energy and therefore
inconsistent with dynamic-domain predictions. This behavior is instead consistent with the central peak
phenomenon observed in other perovskites. The scattering may originate from small, static, tetragonal-
phase domains nucleating about crystal defects, and the temperature dependence demonstrates the
transition is first order.
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Hybrid organic-inorganic metal-halide perovskites
(HOIPs) are a novel class of semiconductor with unusual
and promising optoelectronic properties for high-efficiency
devices. The HOIP family exhibits significant dynamical
disorder due to weak bonding and the rotational degrees of
freedom of the organic cations [1,2]. This disorder is
believed to affect optoelectronic and other properties [3–6].
Dynamical disorder also correlates with phase transitions in
the prototypical HOIP, CH3NH3PbI3 (herein MAPI), which
transitions between orthorhombic, tetragonal, and cubic
phases at 162 K and 327.5 K, respectively [7]. The cubic-
tetragonal transition in MAPI proceeds as a condensation of
the soft, transverse acoustic, cubic R-point phonon [4,8].
The cubic R point becomes the Γ point of the tetragonal
phase, giving rise to elastic Bragg scattering [4,8,9]. X-ray
inelastic scattering studies have observed R-point scattering
in cubic MAPI, and analysis of x-ray pair-distribution
functions (PDF) suggests domains of lower symmetry or
dynamic off-centering exists for r < 8 Å in the cubic phase
of HOIPs [4,8,10,11]. These reports have led to predictions
of tetragonal domains within cubic MAPI that are both
small and potentially dynamic [4,6,8]. Computational
results at 650 K (above the experimentally observed
decomposition temperature [12]) indicate sub-ps lifetimes
for these domains [5]. In addition, the hypothesis of dy-
namic tetragonal domains has been used to explain the lack
of variation in optoelectronic properties of MAPI-based
devices between the two phases [9].
Materials that exhibit soft-mode-driven structural phase

transitions often display diffuse “critical scattering” arising
from structural fluctuations, like the postulated dynamic

domains, near the critical temperature TC [13]. Apparent
critical behavior has been studied extensively with neutron
and x-ray scattering methods in perovskite compounds,
including SrTiO3, KMnF3, RbCaF3, CsPbCl3, CsPbBr3,
and MAPbCl3 [14–25].
In these materials, neutron inelastic scattering experi-

ments found certain soft-mode transitions that exhibit
an anomalous central peak (CP) centered at ℏω ¼ 0.
First reported in SrTiO3 in 1971 by Riste et al. [26], the
evidence to date indicates that the CP is resolution limited
in energy and therefore a static (infinite lifetime) phenome-
non; it thus differs from critical scattering, which is
dynamic in nature. Several theories of the CP origin have
been proposed [27]. Shapiro and coworkers demonstrated
that anharmonic renormalization of the soft-mode phonon
results in a scattering function consisting of phonon side-
bands plus a central component centered at zero energy
[15]. Other studies have proposed that the CP arises from
domains of the low-temperature structure nucleating at
defects [18,28,29]. A second, longer length scale has been
observed in high-resolution x-ray and neutron scattering
studies of critical scattering; however, this narrow compo-
nent is unrelated to the CP because it is absent in the bulk
and is due to static Bragg scattering from regions of the
low-temperature phase nucleating near the sample surface
[14,20,21,30–33].
We use high-resolution neutron spectroscopy, with an

energy resolution at least 10 times better than that of current
x-ray inelastic scattering techniques [4,8], to characterize the
cubic-phase R-point scattering in MAPI. Data obtained from
constant-Q scans (E scans), where energy transfer (ℏω) is
varied at a fixed momentum transfer Q, and elastic Q scans,
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where Q is varied at fixed ℏω ¼ 0, were compared to
models representing dynamic-domain and CP hypotheses.
The models are assessed in terms of line shape goodness of
fit and temperature dependence of peak intensity and line-
width. We find that the R-point scattering is resolution
limited in energy but not in Q and thus consistent with a
manifestation of the CP phenomenon and not dynamic
tetragonal domains. The wave-vector (momentum) depend-
ence and weak temperature dependence of the R-point
scattering is compared to theoretical predictions of the
CP origin and differs distinctly from that reported in
inorganic oxide- and fluoride-based perovskites.
Scattering at the cubic R-point Q ¼ 1

2
ð1 3 3Þ for a fully

deuterated single crystal of CD3ND3PbI3 (d6-MAPI) was
characterized using cold (SPINS) and thermal (BT4)
neutron triple-axis spectrometers at the National Institute
of Standards and Technology (NIST) Center for Neutron
Research (NCNR). The d6-MAPI crystal was oriented in
the ð100Þ⊥ð011Þ scattering plane as described previously
[3]. A fully deuterated sample was used to reduce back-
ground from the large incoherent scattering cross-section of
hydrogen. The MAþ cation rotates nearly freely in the
cubic phase, resulting in a quasielastic scattering (QES)
contribution to the total R-point scattering that must be
subtracted before further analysis [1,2]. Quasielastic scat-
tering of this nature produces a signal that varies slowly
with Q, even with a fully deuterated sample, as deuterium,
nitrogen, and iodine all exhibit small incoherent scattering
cross-sections of 2, 0.5, and 0.3 barns, respectively.
Four different energy resolutions were obtained by

varying the neutron final energy Ef and adjusting hori-
zontal beam collimations. The energy and wave-vector
resolution HWHM in each case were characterized as
described in the Supplementary Material [34], which also
contains Refs. [35–38]. The spectra were reduced and
analyzed with the NIST NCNR DATA ANALYSIS AND

VISUALIZATION ENVIRONMENT (DAVE) software package
[39]. All fitted parameters are reported with errors of� one
standard deviation.
Figure 1(a) shows E scans measured atQ ¼ 1

2
ð1 3 3Þ and

340 K (TC þ 12.5 K) for all experimental configurations,
scaled to the same peak intensity. The energy linewidths are
resolution limited in each case. By contrast, wave-vector
linewidths of elastic Q scans measured along [100] and
[011] are not resolution limited (see Fig. S5 in the
Supplemental Material [34]) and show little dependence
on instrumental Q resolution.
To characterize the temperature dependence of the

R-point scattering, E scans and elastic Q scans were
measured at Q ¼ 1

2
ð1 3 3Þ on cooling from 340–327 K

with an energy resolution of 0.095 meV (Ef ¼ 4 meV).
The best resolution of 0.065 meV HWHM (Ef ¼ 3.5 meV)
has reduced dynamic range and cannot cover the full
R-point scattering profile. Figures 1(b) and 1(c) display
E scans and Q scans measured along [100] at the indicated

temperatures on SPINS. No phonon peaks are observed at
any temperature in the R-point E scans up to ℏω ¼ 4 meV.
This is not unexpected, as scattering from extremely short-
lived phonons is indistinguishable from background at the
zone boundary [3]. The scattering intensity increases
slowly on cooling to 328 K but jumps at 327 K as the
crystal undergoes a phase transformation. The cubic-
tetragonal transition temperature TC for d6-MAPI is iden-
tified to be 327.5� 0.5 K, consistent with previous
reports [40].
To obtain the QES contributions to the R-point scatter-

ing, we measured the scattering at Q ¼ 1
2
ð0.7 3 3Þ slightly

offset from the R point at 330 K, as shown in Fig. 2(c). The
QES was modeled with a delta function δ to capture the
elastic incoherent scattering plus two Lorentzian functions
L corresponding to fast methyl and ammonium group

FIG. 1. Scattering at the cubic R-point Q ¼ 1
2
ð1 3 3Þ in

d6-MAPI measured with thermal and cold neutrons. In (a), the
width of the scattering matches the energy resolution. Data were
taken at 340 K on BT4 (dotted line) and SPINS (three other
spectra). R-point scattering (b) energy and (c) wave-vector (at
ℏω ¼ 0) dependence as a function of temperature measured with
an energy resolution HWHM of 0.095 meV (Ef ¼ 4 meV).
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rotations about the C–N bond axis and slower molecular
reorientations perpendicular to this axis. Fitted linewidths
yield mean residence times of 1.5 ps and 6.8 ps for fast
and slow rotations, respectively, both within the range
of reported values [1,2]. The QES scattering from Q ¼
1
2
ð0.7 3 3Þ at 330 K was then subtracted from R-point

scattering at all temperatures.
The dynamic-domain and CP hypotheses are tested by

comparing results from fitting these models to the QES-
subtracted R-point E scans. The dynamic-domain model
consists of a singleL, whereas theCPmodel is the sum of a
δ function (representing energy-resolution-limited scatter-
ing) and a L to account for remaining QES or other effects.
Both models are convolved with the resolution function
during the fit. Representative fits of these models to 330 K
spectra are provided in Figs. 2(a) and 2(b). At all temper-
atures below 340 K (see Fig. S6 in the Supplemental

Material [34]), the reduced-χ2 statistic for the CP model is
less than that of the dynamic-domain model, indicating the
CP model better describes the data.
Within the dynamic-domain hypothesis, the lifetime τ of

dynamic tetragonal domains is calculated from the HWHM
of the L as τ ¼ ℏ=HWHM [41]. We determine a minimum
τ for dynamic domains by constructing a highest posterior
density interval (HPDI) from the log likelihood that R-point
E scans are described by a resolution-broadened L of
varying HWHMs. Details are provided in the Supplemental
Material [34]. Minimum τ range from 17 ps to 47 ps at
340 K and 328 K, respectively. These results are plotted in
Fig. 3(a) and show an unexpectedly weak dependence on
temperature. The same analysis was performed for 340 K
data with resolution HWHM ¼ 0.065 meV, with a corre-
sponding minimum τ ¼ 36 ps. These τ are an order of
magnitude longer than both molecular rotation and zone-
boundary phonon lifetimes [1–3].
Figure 2(b) demonstrates that under the CP model the

scattering intensity is almost entirely described by the
resolution function at 330 K. Figure 3(b) plots integrated
intensity of the resolution-broadened δ component through
TC. Temperature-dependent area fractions of the δ and L
components are plotted in Fig. S7 in the Supplemental
Material [34]. Linewidths of the L component are con-
verted to τ, which slowly decreases with temperature (see
Fig. S8 in the Supplemental Material [34]).FIG. 2. Fits to the QES-subtracted R-point E scan (resolution

HWHM ¼ 0.095 meV) at 330 K using the (a) dynamic-domain
(reduced-χ2 ¼ 3.41) and (b) CPmodels (reduced-χ2 ¼ 1.42). The
resolution-broadened total fits are plotted as a red dash-dot line,
the Lorentzian components L as black dashed lines, and the
resolution-broadened delta function δ as a solid black line. The
dynamic-domain model does not fit the tails or peak as well as the
CPmodel. (c) Fit (dash-dot red line) of the QES offset from the R
point to a model consisting of twoL (dashed and solid black lines)
and a δ function (dotted black line) convolved with the instrument
resolution function plus a flat background (not shown).

FIG. 3. (a) Minimum τ (and 95% confidence interval α) of
tetragonal domains determined from maximum likelihood esti-
mation. Temperature-dependent τ are determined from R-point E
scans with resolution HWHM ¼ 0.095 meV. The single point at
T − TC ¼ 12.5 K corresponds to the R-point E scan with
resolution HWHM ¼ 0.065 meV. (b) Peak area obtained from
R-point E scans, the CP model corresponds to the resolution-
broadened δ component only. Error bars may be smaller than the
corresponding marker.
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To gain further insight into the two hypotheses, we
analyze the momentum dependence of the R-point scatter-
ing. Elastic Q scans centered on 1

2
ð1 3 3Þ were measured

along [100] on SPINS and along [100] and [011] on BT4.
Q scans of critical scattering are expected to narrow toward
the resolution limit as T → TC, whereas the CP is broader
than the Q resolution HWHM at all temperatures [16,18].
The data at each temperature were fit with either a L or L2

function, convolved with the instrumental wave-vector
resolution function, plus a flat background, as proposed
by CP models [15,16,42,43]. The best line shape was
determined by comparing reduced-χ2 statistics. All scans
measured on SPINS are best described by a L2 line shape.
Figure 4(a) plots representative fits for SPINS spectra at
330 K; the L2 fit is significantly better than that for L.
Scans measured on BT4 (not shown) fit equally well to
either line shape.
Linewidths extracted from L2 fits to elasticQ scans were

converted to correlation lengths ξ using the relation ξ ¼
ðHWHM=0.64Þ−1 [16] and are plotted in Fig. 4(b).
Correlation lengths range from 10–18 Å just above TC
with no significant anisotropy in Q. These values are quite
small, nearly an order of magnitude less than those
measured in RbCaF3 and SrTiO3 at ðT − TCÞ ¼ 1 K and
10 K, respectively [14,16,18]. The observed temperature
dependence is very weak; any critical exponents extracted
from inverse power law fits range from 0.07 to 0.17.
We now compare the two hypotheses in terms of the

fitted parameters. The resolution-limited R-point E scans
[Fig. 1(a)] are consistent with the CP phenomenon. It could
be argued that a sufficiently narrow L convolved with a
broad resolution function will also appear resolution
limited [13]. In this case the tetragonal domain lifetime
is at least 36 ps [Fig. 3(a)]. However, all other aspects of the
R-point scattering are not consistent with this picture.
First, the peak area, correlation length, and τ [Figs. 3(a),
3(b) and 4(b)] do not diverge near TC, showing only weak
temperature dependencies. Second, although the scattering
is resolution limited in energy, it is not resolution limited in
Q. This behavior is hard to reconcile with critical scattering
from dynamic domains but is fully consistent with the CP
phenomenon [15,16]. Finally, the goodness of fit for theCP
model is the better than the dynamic-domain model at all
temperatures below 340 K.
Our analysis indicates that the R-point scattering

observed in d6-MAPI is a manifestation of the CP
phenomenon. The remaining L component of the CP
model is unlikely due to overdamped phonons or critical
scattering because the linewidth is too narrow and the
intensity and τ decrease on cooling to TC [3] (see Figs. S7
and S8 in the Supplemental Material [34]). Given that it is a
relatively small fraction of the total scattering, we believe it
is more likely the result of an imperfect QES subtraction.
Resolution-limited scattering has been observed at theM

and X points near phase transitions in MAPbCl3 and

CsPbBr3, potentially indicating the existence of the CP
in these materials as well [23,24]. By contrast, critical
scattering with a dynamic component has been observed at
the R point in CsPbBr3 near the tetragonal-orthorhombic
transition [24]. Off-centering due to lone pair stereochem-
istry and small domain formation are two dynamic proc-
esses proposed from x-ray PDF experiments [4,10,11]. No
timescales can be derived because total scattering experi-
ments are a static snapshot averaged over the probe size.
Additionally, the off-centering effect is negligible in MAPI,
and the length scale of the distortion is smaller than the ξ
reported in Fig. 3(c) [11].
With the phonon-based CP origin, the line shape of the

elastic Q scan depends on the renormalized mode fre-
quency ω0, quasiharmonic soft-mode frequency ω∞, and a
renormalization coupling constant δ2 ¼ ω2

∞ − ω2
0 [15,16].

When ω2
∞ ≫ δ2, the central peak is described by a L2 line

shape; when ω2
∞ ≈ δ2, the line shape is L. As the phonons

are heavily damped near the zone boundary, we cannot
measure ω∞. However, the L2 line shape best describes all

FIG. 4. (a) Representative elastic Q scan from SPINS at 330 K
along [100] at the R point. The data (gray markers) are fit to both
L (dashed) and L2 (dash-dot) line shapes, with corresponding
reduced-χ2 values indicated in the legend. Resolution FWHM is
indicated with a black line. (b) Correlation lengths ξ extracted
from L2 linewidths for R-point scans along [100] (SPINS, BT4)
and [011].
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elastic Q scans, suggesting that ω2
0 > 0 meV at all temper-

atures. This implies a first-order transition because ω0

decreases toward zero for a second-order transition, as seen
in SrTiO3 [44,45]. In fact, the lattice parameter (see
Fig. S12 in the Supplemental Material [34]) exhibits a
discontinuous jump at TC, thus confirming the cubic-
tetragonal transition in d6-MAPI is first order.
AL2 CP line shape can also arise from scattering by static

domains of the low-temperature phase nucleating around
isolated point defects [18,42,43,46]. In this picture, tetrago-
nal domains in d6-MAPI are 10–18 Å in diameter (2–3 unit
cells).Nucleationmayoccur at iodidevacancies,which have
extremely low formation energies of 0.08–0.22 eV and
concentrations of 1017–1020 cm−3 [47,48]. Furthermore,
Imry and Wortis demonstrated that these defect-induced
domains result in a smearing of a first-order phase transition
about TC [18,43,46]. The small domains, however, differ
significantly from those in other perovskites, as scattering of
this type is only observed from surface domains 1 to 2
orders of magnitude larger than the ξ in Fig. 4(b)
[4,14,16,18,30,43]. Small ξ may result from weaker cou-
pling between lead iodide octahedra, consistent with obser-
vations of extremely short acoustic phonon mean free paths
near Brillouin zone boundaries and the fact that the lattice
constant in MAPI (6.30 Å) is much larger than in conven-
tional inorganic perovskites like SrTiO3 (3.90 Å) [3].
The CP area and ξ do not diverge as T → TC as is

observed in SrTiO3, KMnF3, RbCaF3, and CsPbBr3
[14,18,24,28,49,50]. Critical exponents for these systems
range from one to two for CP intensity and 0.5–0.84 for
correlation lengths, both much larger than what we observe.
In fact, the temperature dependence of the CP in d6-MAPI
above TC is better described with a linear model. The lack
of divergent behavior is further indication that the cubic-
tetragonal phase transition in d6-MAPI is first order.
In summary, we report neutron inelastic scattering

experiments of d6-MAPI through the cubic-tetragonal
phase transition and find that the CP model provides a
statistically better and more physically plausible descrip-
tion of the data. The R-point scattering is dominated by a
resolution-limited signal, and the temperature dependence
does not behave as expected for dynamical domains. We
cannot determine the physical origin of the CP signal but
propose that phonon coupling is not maintained with such
extremely short phonon lifetimes at the zone boundary, thus
the defect-based origin is more likely. The data we obtained
set a lower bound on any dynamics of 36 ps at 340 K. We
therefore conclude that the observed scattering is a mani-
festation of the CP phenomenon.
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