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Article In Memoriam of Professor Roger A. Cowley

Broadband critical dynamics in disordered

lead-based perovskites

C. Stock, M. Songvilay
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P. M. Gehring, Guangyong Xu

NIST Center for Neutron Research, National Institute of Standards and Technology,

100 Bureau Drive, Gaithersburg, Maryland, 20899, USA

B. Roessli

Laboratory for Neutron Scattering and Imaging (LNS), Paul Scherrer Institute (PSI),

5232 Villigen PSI, Switzerland

Abstract. Materials based on the cubic perovskite unit cell continue to provide the

basis for technologically important materials with two notable recent examples being

lead-based relaxor piezoelectrics and lead-based organic-inorganic halide photovoltaics.

These materials carry considerable disorder, arising from site substitution in relaxors

and molecular vibrations in the organic-inorganics, yet much of our understanding

of these systems derives from the initial classic work of Prof. Roger A. Cowley, who

applied both theory and neutron scattering methods while at Chalk River Laboratories

to the study of lattice vibrations in SrTiO3. Neutron scattering continues to play a

vital role in characterizing lattice vibrations in perovskites owing to the simple cross

section and the wide range of energy resolutions achievable with current neutron

instrumentation. We discuss the dynamics that drive the phase transitions in the

relaxors and organic-inorganic lead-halides in terms of neutron scattering and compare

them to those in phase transitions associated with a “central peak” and also a

soft mode. We review some of the past experimental work on these materials and

present new data from high-resolution time-of-flight backscattering spectroscopy taken

on organic-inorganic perovskites. We will show that the structural transitions in

disordered lead-based perovskites are driven by a broad frequency band of excitations.

1. Introduction

The perovskite crystal structure forms the backbone of many materials that have

inspired and challenged theories in magnetism, superconductivity, and structural phase

transitions. We discuss several of these materials in this special edition devoted to the

memory of Prof. Roger A. Cowley. Roger’s seminal research on the perovskite SrTiO3

sparked his deep interest in the relationship between lattice dynamics and structural

phase transitions, which he maintained throughout his career. In tribute to the work of
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Figure 1. The cubic perovskite structure of SrTiO3, the lead based piezoelectric

PbMg1/3Nb2/3O3, and the lead based photovoltaic CH3NH3PbCl3 (MAPbCl3).

Roger, our goal is to highlight the connections between many of the ideas he pioneered

using neutron scattering techniques to the dynamics and structural phase transitions

in modern-day photovoltaic and piezoelectric materials, which display interesting and

complex variations on the simple perovskite structure.

This paper presents a perspective on the dynamics driving the structural phase

transitions in the three ABX3 perovskite compounds illustrated in Fig. 1 and attempts

to unify some of the prevailing ideas and concepts. We will first discuss the structural

phase transition in SrTiO3 in terms of a periodic and long-range-ordered ferroelectric

and antiferrodistortive transition. Roger studied SrTiO3 extensively using x-ray and

neutron scattering methods, particularly while he was visiting Chalk River Nuclear

Laboratories and at the University of Edinburgh, and he applied the latest theoretical

concepts, some of which he helped to develop, to describe his results. SrTiO3 is a

classic model compound for which the structural transition stems from a single lattice

vibrational mode that decreases or ”softens” in energy as the temperature approaches a

critical point. Roger’s work on SrTiO3 would ultimately contribute to the famous “soft

mode” [1, 2] picture of displacive structural transitions.

We will then extend our discussion to the case of disordered “relaxor” ferroelectrics

where the underlying physics can be understood in terms of random fields. The lead-

based relaxor ferroelectrics have generated great interest within the materials science and

condensed matter physics communities owing to their exceptional dielectric properties

and ultra-high piezoelectric responses [3, 4]. Many of these properties are enhanced in

single crystal form compared to ceramics. These relaxors exhibit a perovskite lattice

similar to that of SrTiO3 but have considerable chemical and displacement disorder

on the body-centre B-site as well as multiple locations for the A-site lead cations as

suggested in Fig. 1. A heuristic model of the various temperature scales and properties

was developed recently by an analogy with the random fields in model magnets, a

field to which Roger also made a series of fundamental contributions through the
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application of neutron and x-ray scattering [5, 6]. Roger had a strong interest in relaxor

ferroelectrics [7] and was particularly intrigued by the low-energy dynamics present in

these compounds, which he studied during several neutron experiments conducted at the

Paul Scherrer Institute (PSI - Switzerland). We will discuss the dynamics of lead-based

relaxors and present recent neutron time-of-flight and neutron spin-echo data that show

that a band of frequencies governs the static structure in these materials rather than

just a single-energy soft mode as in the case of SrTiO3.

In the final section of the paper we will present a description of the lead-halide

perovskites and suggest how the unusual dynamics can be understood in terms of

the ideas discussed above in the context of SrTiO3 and the disordered lead-based

piezoelectrics. The organic-inorganic compounds have a perovskite lattice like SrTiO3

except that a molecule occupies the unit cell edges. The high-temperature structure of

CH3NH3PbCl3 (denoted as MAPbCl3) is shown in Fig. 1. The vibrations and rotations

of this molecule introduce considerable average disorder at the edges of the cubic

perovskite unit cell. Understanding these materials is technologically important given

that they exhibit remarkable photovoltaic efficiencies and extremely long carrier lifetimes

in spite of the crystal disorder, which is usually anathema to such properties [8]. While

Roger never studied these photovoltaic compounds, the dynamics and the connection

with structural properties would undoubtedly have been of strong interest to him. We

will show using high resolution backscattering results that the low-energy dynamics

critical to the structural transitions in MAPbCl3 do not stem from a single soft mode

phonon, as in SrTiO3, but rather from a broad continuum of low-energy frequencies.

These compounds present new theoretical and experimental challenges to efforts to

understand how the dynamics and structural properties are connected on a microscopic

level. We will discuss recent ideas that relate the low-energy lattice vibrations to the

exceptional semiconducting properties in these materials.

2. SrTiO3 - the soft optical phonon and the central peak

One of the most elegant ideas used to describe the dynamics associated with

displacive structural phase transitions is the concept of a “soft-mode” in which the

energy of a single phonon decreases to zero as the temperature approaches a critical

temperature. [11] Landau theory predicts that the energy of this mode varies as (h̄ω)2 ∝
(T −Tc), where Tc is the structural phase transition temperature [12]. The ferroelectric

perovskite PbTiO3 [13] is arguably one of the first compounds in which a zone-centre

(q = 0), or long-wavelength, soft transverse optic (TO) mode was observed. More

recently, the soft-mode concept has been applied to metallic or semi-metallic compounds,

such as SnTe [14], and shape memory alloys [15]. In the case of a ferroelectric transition

the frequency of the soft mode is related to the dielectric permittivity ε via mean field

theory by (h̄ω)2 ∝ 1/ε. These properties and the corresponding lattice dynamics were

investigated by Roger, while visiting Chalk River, through the application of triple-axis

neutron spectroscopy using steady-state reactor sources [16, 17], a technique that had
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FIG. 4. Phonon groups observed at 120'K. The profiles are
mainly determined by the instrumental resolution functions as
explained in the text.
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The 7g5 phonon was investigated as a function of tem-
perature through the 110'K transition. As shown in
Figs. 5 and 6, the frequency of this mode approaches
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high-temperature data shown in Fig. 7 clearly demand a
temperature-independent term. Thus a satisfactory fit
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The solid lines in Figs. 5 and 7 represent Eq. (1) with
the parameters given above. The constant term e gives
a "saturation" energy of 11 meV at the high-tempera-
ture limit. A similar constant term for the q=0 ferro-
electric mode was emphasized by Rupprecht and Bell"
in their dielectric measurements.
At the transition point, dined as Tp in Eq. (1), the

g point becomes new Bragg position which enlarges the
Fxo, 5.Temperature dependence of the F~~ mode at the R point.

The top figure represents the Bragg intensities at the R point
which becomes q=0 of the enlarge& cell blow the transition.

» M. J. Cooper and R. Nathans, Acta Cryst. 23, 357 (1967}.~ G. Rupprecht aud R. O. Bell, Phys. Rev. 135, A748 (1964).
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Yamada
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SrTiO3

Figure 2. The central peak in SrTiO3. The left-hand panel (from Ref. [9]) illustrates

both a harmonic soft mode at non-zero frequency and an energy-resolution-limited

peak at the elastic (E=h̄ω) position. The right-hand panel (from Ref. [10]) shows the

temperature dependence of the elastic central peak (upper panel) at the wave vector
~Q=(1.5,1.5,2.5) and the temperature dependence of the soft-mode frequency, which

decreases as the critical temperature is approached.

only recently been developed a few years earlier by Bertram Brockhouse.

SrTiO3, like PbTiO3, displays a zone-centre (q = 0) optic mode that softens as

expected based on the soft phonon theory, but it never becomes ferroelectric. Instead,

SrTiO3 undergoes an antiferrodistortive phase transition [18] below 100 K to a tetragonal

phase that corresponds to the softening of a zone-boundary acoustic mode, which

was first characterized with neutron techniques by Roger at Chalk River [19] and at

Brookhaven Labs [20, 21]. The dynamics governing this antiferrodistortive transition are

outlined in Fig. 2, which shows a soft mode that varies with temperature as expected

according to Landau theory and ultimately condenses into a new Bragg peak at the

structural transition. This transition is also accompanied by an unusual peak, centred

on the elastic position, that is resolution-limited in energy for all temperatures T > TC
where it has been experimentally investigated [22]. This is an unusual feature given

that one would expect a such a peak to reflect a timescale that is critical and gradually

slows on cooling towards Tc. Famously known as the “central peak”, this feature differs

from typical critical scattering, which manifests as a momentum and energy-broadened

peak that gradually sharpens as T → Tc, indicative of a diverging correlation length

and timescale [23].

While the focus of this article concerns the dynamical response near a phase

transition, it is worth mentioning that the momentum dependence and critical properties

of the correlation lengths observed in SrTiO3 are equally unusual insofar as two

length scales are observed [24, 25, 26] instead of the single diverging length scale that



Broadband critical dynamics in disordered lead-based perovskites 5

characterizes conventional phase transitions. The topic of two length scales in structural

and magnetic phase transitions [27] was one that would interest Roger in later years

and helped to spark his interest in thin films [2].

The central peak has since been observed in other perovskites such as KMnF3 [9].

Despite considerable research and debate regarding the origin of the central peak, with

some attributing it to disordered regions [28, 29] and others to defects [30, 31], a complete

understanding of the dynamics has remained elusive; in particular, no observation of a

critical slowing down in energy (and hence time) has been reported. Roger questioned

the defect picture of the central peak in Ref. [32] because he noted that the central

peak intensity did not scale with the number of defects in controlled studies. We will

not attempt to provide a detailed discussion of the central peak here; instead we will

simply state and reference some of the experimental results that pertain to the dynamics.

Heuristically, the origin of the central peak can be understood in terms of a coupling to

another timescale present in the system. The microscopic origin of this timescale is a

matter of debate and has led to the idea of coupling to defects. Tracking the dynamics

of the central peak remains a challenge to the theory of structural phase transitions.

However, SrTiO3 represents a clean example of the soft mode with a well-defined energy

scale driving a structural distortion.

3. Lead-based relaxors - the soft mode and “quasielastic” scattering

Lead-based relaxor ferroelectrics display exceptional dielectric and piezoelectric

properties and have received significant attention given their promise in device

applications in the areas of sonar, medical ultrasound, microphonics, and energy

harvesting. Pb(Mg1/3Nb2/3)O3 (PMN) and Pb(Zn1/3Nb2/3)O3 (PZN) are prototypical

relaxors (neither is ferroelectric) that display an unusually broad and frequency-

dependent peak in the temperature dependence of the dielectric response, a property

that has come to be the defining feature of relaxors. These materials are based on the

PbTiO3 and SrTiO3 perovskite structure, but they differ in that the Ti-site is disordered,

as two or more cations with different valences occupy the B-site. The unit cell [33] is

shown in Fig. 1. When doped with ferroelectric PbTiO3 (PT), the solid solutions PMN-

xPT and PZN-xPT exhibit piezoelectric coefficients and electromechanical coupling

factors that far exceed those of conventional piezoelectric materials, especially in single-

crystal form, and are actively being studied for use in industrial and medical applications

[34].

Understanding the nature and temperature dependence of the phase transitions in

these materials has been an ongoing and contentious effort after it was first reported

by Burns and Dacol [37], based on refractive index measurements, that local regions of

polar order form at temperatures well above any expected structural phase transition.

The dielectric response in the absence of an electric field never develops into a sharp

and frequency independent peak [38], indicating the absence of any long-range structural

distortion like that reported in PbTiO3. Measurements under strong electric fields show
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ing to our results, the PNR are small when they first appear
at high temperatures, with average sizes around 15 Å !see
Fig. 4". Both the spatial correlation length of the atomic dis-
placements and the integrated intensity of the diffuse scatter-
ing increase on cooling, even at temperatures below TC !Fig.
4". At low temperatures the length scale of the PNR reaches
#65 Å.
From T!300 K to 100 K, the volume of a single PNR

(V$%3) increases by a factor of #60, yet the integrated
intensity only increases by a factor of #10. Writing I0 as the
product N%3!Q•&!2, where N is the total number of PNR and
& is the average displacement of atoms within the PNR, we
conclude that N!Q•&!2 increases on cooling from high
temperatures and then drops dramatically at around TC ,
remaining roughly constant below TC . This is illustrated in
Fig. 5 which shows I0 /%3 as a function of T. A likely
scenario is that on cooling below TC , & remains relatively
constant whereas N decreases as the smaller PNR merge
together.
Previous inelastic neutron-scattering measurements on

PMN !Ref. 14" have shown that the transverse optic !TO"
mode phonon become overdamped near the zone center,
starting at Td'600 K, which is roughly the temperature at

which the PNR start to appear. We believe that the over-
damping of the soft TO mode phonon is directly associated
with the formation of the PNR. In other words, the PNR may
originate from the condensation of the soft TO mode. Reex-
amining the neutron diffuse data on PMN by Vakhrushev et
al.,18 Hirota et al.8 have proposed a new interpretation of the
atomic displacements derived from the data. The atomic dis-
placements can be decomposed into the sum of two terms
with comparable magnitudes: &so f t"&shi f t . &so f t values sat-
isfy the center-of-mass condition and are consistent with the
values derived from inelastic scattering intensities from the
soft TO mode. The other term &shi f t shows that the PNR are
shifted along their polar directions relative to the surround-
ing lattices. This ‘‘uniform phase shift’’ has established con-
vincing connections between the diffuse scattering from the
PNR and the condensation of soft TO mode phonons. It is
important to note that the magnitude of &shi f t is comparable
to &so f t , which can be estimated to be around 1/10 of the
lattice spacing. This large phase shift creates a huge energy
barrier, preventing these polar regions from merging into the
surrounding lattices.
Note that &shi f t and &so f t are only one of the many pos-

sible interpretations of the atomic shifts (&Pb!1.0, &Mg,Nb

FIG. 2. !Color" A smoothed logarithmic plot of the neutron elastic diffuse scattering intensity at 200 K.

NEUTRON ELASTIC DIFFUSE SCATTERING STUDY OF . . . PHYSICAL REVIEW B 69, 064112 !2004"

064112-3

require a much smaller energy to align with the applied field.
This distinction is reflected in the data at high electric fields.

We have also investigated the possibility of the existence
of long time scales and slow dynamics associated with the
diffuse scattering near Q! = !003" where the diffuse scattering
is strong. Long time scales have been observed in some ex-
amples of model magnetic systems in random fields and in
particular the case of Fe0.5Zn0.5F2 which is representative of
a random field Ising model.29– 31 Long time scales were found
to exist when the applied magnetic field !which in turn
causes the presence of a random field as outlined by Fishman
and Aharony in Ref. 32" was turned on at low temperatures
below the ordering transition. It is not clear in our case if the
same situation would apply as the random fields are presum-
ably introduced through structural disorder and hence present
at all temperatures and at all applied electric fields. Long
time dependences have been measured in the birefringence
and structural properties !characterized with low-energy x
rays" in PMN !Refs. 10, 33, and 34", in the relaxor SBN
!Ref. 36", and KTaO3 doped with 3% Li !Ref. 37". Our data
for PMN is illustrated in Fig. 5. Panel !a" plots the time
dependence of the intensity at Q! = !0.05,0.05,2.9" which !as
can be seen from Fig. 3", corresponds to the peak of one of
the diffuse scattering wings. The temperature in Fig. 5 is
50 K and the sample was cooled in a field of 8 kV/cm from
high temperature. At time t=0 the sample is in a field cooled
state and then the field was turned off and the surfaces of the
crystal electrically grounded at the time indicated by the dot-
ted line. The diffuse scattering intensity rose abruptly and did
not change for another hour of measurements. Linear scans

showing the diffuse scattering intensity when the electric
field was on !field cooled and at a time before that indicated
by the dotted line in Fig. 5" and then off !after waiting for
about 1 h after the field was turned off and crystal faces
electrically shorted to ground" are represented in panels !b"
and !c", respectively, by the filled circles. After turning the
electric field off for over an hour, we then turned it back on
at 50 K and the resulting profile is represented by the open
circles in panel !b". The diffuse intensity tracks the original
intensity obtained under field-cooling conditions within er-
ror. We note that the Bragg peak intensity responded simi-
larly but with an increase in intensity on application of the
electric field, and subsequent decrease on removal #as ex-
pected given our measurements made near Q! = !001"$. We
therefore conclude from this sequence that there are no long
time scales associated with the electric field effects measured
here.

The lack of any time dependence contrasts with that
found using birefringence and x rays in PMN !Refs. 10, 33,
and 34" and also neutron diffraction measurements on PZN
doped with PT.22 Doping with PT has been shown to stabi-
lize the rhombohedral phase in PMN and related materials;
therefore the rhombohedral phase and the resulting effects on
the diffuse scattering may be more easily frozen in for those
systems. The birefringence measurements are more difficult
to reconcile, however, we emphasize that with neutrons we
are measuring at a nonzero wave vector associated with a
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NEUTRON AND X-RAY DIFFRACTION STUDY OF CUBIC… PHYSICAL REVIEW B 76, 064122 !2007"
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Figure 3. Left panel: Momentum-broadened elastic diffuse scattering contours

measured using time-of-flight spectroscopy on PMN (from Ref. [35]). Right panel:

Temperature dependence of the diffuse scattering sampled through a linear scan along

(H, H, 2.9) under an electric field applied along the [111] direction (from Ref. [36]).

new structural Bragg peaks [39, 40], albeit with long time scales, but the unusual broad,

frequency-dependent dielectric response persists [41].

Neutron and x-ray diffraction methods were used to try to observe signs of a

structural transition, but these efforts produced surprisingly inconsistent results between

powders and single crystals [42, 43, 44, 45, 46]. Instead, neutron and x-ray diffraction

experiments found strong, temperature-dependent scattering centred on all nuclear

Bragg peaks that was highly extended in momentum (i. e. diffuse) and thus consistent

with short-range, spatial correlations [47]. Examples of typical diffraction profiles are

illustrated in Fig. 3. The butterfly-shaped diffuse scattering shown in Fig. 3 is

nearly universal across a wide variety of lead-based relaxors [48] and is present even

in those relaxor compounds where a structural distortion is observed [49]. The first

diffuse scattering results on PMN were measured with x-rays, yet it was not clear if

the scattering was dynamic or static because of the coarse energy resolution of the

x-ray diffractometers used. Subsequent energy-analysing measurements using thermal-

neutron triple-axis spectrometers were able to identify the presence of static diffuse

scattering (on the ∼ THz timescale) [50], and this was further confirmed using a

chopper spectrometer [35] and is illustrated in Fig. 3. The underlying polar nature of

the structural displacements associated with the diffuse scattering was later confirmed

with electric field measurements [36, 51] and is illustrated in Fig. 3. However, these

measurements showed a response only at low temperatures (below the temperature

Tc) below which dielectric and some diffraction results suggest a structural distortion.

The diffraction data illustrated in Fig. 3 show two temperatures scales with a high

temperature onset of the diffuse scattering and a lower temperature where the diffuse

scattering can be partially suppressed with the application of an electric field.
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SPONTANEOUS DECAY OF A SOFT OPTICAL PHONON IN … PHYSICAL REVIEW MATERIALS 2, 024404 (2018)
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FIG. 2. Momentum-energy maps illustrating the waterfall effect at (a) and (b) 550 K and (c) and (d) 100 K. (e)–(g) Constant energy cuts at
100 K show ridges of scattering (waterfall effect) that persist into the ferroelectric phase. (h) The q positions of these ridges show no significant
difference between 100 and 550 K.

wave vector, but it begins to increase at the same point where
the structure factor decreases, which indicates concomitant
decreases in both the optical mode lifetime and intensity. These
features are indicative of a TO1 phonon instability that exists
for a range of wave vectors near the zone center. Figures 4(c)
and 4(d) show cuts at a constant E = 8 meV through the
vertical ridges of scattering (Fig. 2) and Lorentzian fits show
that the locations of these ridges do not change between 100 and
550 K. Therefore, they are not correlated with ferroelectricity
or the presence of static polar nanoregions.

IV. DISCUSSION

The sudden disappearance of a well-defined phonon mode
at a particular threshold in momentum and energy is un-
usual. However, it has been reported in quantum liquids and
magnets. The energy-momentum broadened nature of the
waterfall effect are reminiscent of an energy and momentum
scattering continuum, which suggests that it originates from
anharmonic processes that involve more than one-phonon
scattering. Higher-order scattering processes, including three-
or four-phonon processes, are allowed provided that there
exists an associated nonzero matrix element and both crystal
momentum and energy are conserved [45]. We now examine
whether or not the decay and loss of spectral weight of the TO1
phonon shown in Fig. 4 and the anomalous vertical ridges of

scattering shown in Fig. 2 can be explained by a spontaneous
decay process analogous to that observed in quantum liquids.

Figures 5(a) and 5(b) show the TA1 and TO1 phonon
dispersions in the (200) and (300) zones, respectively, at
100 and 550 K. Figure 5 also illustrates the kinematically
allowed region in each zone where the TO1 soft mode (with
momentum Q⃗ and energy E) can decay into two TA phonons
(with momentum Q⃗1,2 and energy h̄ωQ⃗1,2

) while conserving
momentum and energy. This region is defined by the locus of
points where the following expression, forcing both energy and
momentum conservation, is nonzero:

G(Q⃗,E) =
!

Q⃗1,Q⃗2

δ(Q⃗ − Q⃗1 − Q⃗2)δ(E − h̄ωQ⃗1
− h̄ωQ⃗2

).

In the (200) zone, the q where the soft TO1 branch crosses
into this kinematically allowed region coincides with that
at which the loss of spectral weight and broadening begins
(Fig. 4), namely K ∼ 0.2 rlu. The corresponding region in
the (300) zone is narrower in energy because the measured
TA1 phonon dispersion is softer. Kinematically, this implies
a narrower decay region centered around q = 0, confirmed
in Figs. 3(c) and 3(d), which demonstrate that the vertical
ridges of scattering (waterfall effect) are concentrated over a
narrower range in momentum in the (300) zone than in the
(200) Brillouin zone. Given this agreement with kinematics
and the correlation of the waterfall region with the measured
acoustic phonon dispersion, we conclude that the waterfall
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wave vector, but it begins to increase at the same point where
the structure factor decreases, which indicates concomitant
decreases in both the optical mode lifetime and intensity. These
features are indicative of a TO1 phonon instability that exists
for a range of wave vectors near the zone center. Figures 4(c)
and 4(d) show cuts at a constant E = 8 meV through the
vertical ridges of scattering (Fig. 2) and Lorentzian fits show
that the locations of these ridges do not change between 100 and
550 K. Therefore, they are not correlated with ferroelectricity
or the presence of static polar nanoregions.

IV. DISCUSSION

The sudden disappearance of a well-defined phonon mode
at a particular threshold in momentum and energy is un-
usual. However, it has been reported in quantum liquids and
magnets. The energy-momentum broadened nature of the
waterfall effect are reminiscent of an energy and momentum
scattering continuum, which suggests that it originates from
anharmonic processes that involve more than one-phonon
scattering. Higher-order scattering processes, including three-
or four-phonon processes, are allowed provided that there
exists an associated nonzero matrix element and both crystal
momentum and energy are conserved [45]. We now examine
whether or not the decay and loss of spectral weight of the TO1
phonon shown in Fig. 4 and the anomalous vertical ridges of

scattering shown in Fig. 2 can be explained by a spontaneous
decay process analogous to that observed in quantum liquids.

Figures 5(a) and 5(b) show the TA1 and TO1 phonon
dispersions in the (200) and (300) zones, respectively, at
100 and 550 K. Figure 5 also illustrates the kinematically
allowed region in each zone where the TO1 soft mode (with
momentum Q⃗ and energy E) can decay into two TA phonons
(with momentum Q⃗1,2 and energy h̄ωQ⃗1,2

) while conserving
momentum and energy. This region is defined by the locus of
points where the following expression, forcing both energy and
momentum conservation, is nonzero:

G(Q⃗,E) =
!

Q⃗1,Q⃗2

δ(Q⃗ − Q⃗1 − Q⃗2)δ(E − h̄ωQ⃗1
− h̄ωQ⃗2

).

In the (200) zone, the q where the soft TO1 branch crosses
into this kinematically allowed region coincides with that
at which the loss of spectral weight and broadening begins
(Fig. 4), namely K ∼ 0.2 rlu. The corresponding region in
the (300) zone is narrower in energy because the measured
TA1 phonon dispersion is softer. Kinematically, this implies
a narrower decay region centered around q = 0, confirmed
in Figs. 3(c) and 3(d), which demonstrate that the vertical
ridges of scattering (waterfall effect) are concentrated over a
narrower range in momentum in the (300) zone than in the
(200) Brillouin zone. Given this agreement with kinematics
and the correlation of the waterfall region with the measured
acoustic phonon dispersion, we conclude that the waterfall
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and T phases we found no propagating soft TO modes at the
zone center !q=0". Even scans measured at small but non-
zero wave vector revealed no clear indication of a TO mode
in either phase because of the heavily damped nature of the
scattering cross section. Evidence of a TO mode only be-
came apparent at wave vectors q!0.1 rlu at which point a
broad TO mode was observed. On cooling through the C
→T phase transition at TC, a weak recovery of the optic
mode was seen; it is only at low temperatures that an under-
damped optic mode was observed. These measurements are
in accord with those on pure PMN and PMN-60PT, which
are summarized in Fig. 2. For example, at 100 K a well-
defined TO mode at q=0.1 rlu is present in each compound;
however at higher temperatures no well-defined propagating
mode is visible near the zone center. On the other hand,
well-defined TA modes are observed over the entire tempera-
ture range studied, while the TA frequency changes relatively
little with temperature.

The constant-Q scans at q=0.10, 0.15, and 0.20 rlu dem-
onstrate the presence of strong TO mode damping near the
zone center in both the T and C phases. While it is possible
that the degree of damping of the zone-center soft phonon is
larger than that in PMN !Refs. 37–39" and PMN-60PT,20 the
temperature dependence and energy scale of the zone-center
soft mode are nearly identical to those of the soft mode in
PMN and scale with the critical temperature TC for PMN-

60PT. Together these results suggest a common dynamic re-
sponse throughout the PMN-xPT phase diagram, which is
remarkable considering the very different structural proper-
ties and phase transition sequences that take place with in-
creasing PT concentration.

A. Observation and study of the zone-center soft mode

Figure 2!b" shows the square of the zone-center, soft-
mode energy !"#0"2 as a function of temperature for PMN-
0.32PT. These data are compared to previously published
results for PMN and PMN-0.60PT,24 which are shown in
Figs. 2!a" and 2!c", respectively. The open circles represent
fitted parameters derived from constant-Q scans measured at
the zone center, whereas the solid circles represent values
obtained via extrapolation from constant-Q scans measured
at nonzero q using the formula !#2=#0

2+$q2", where #0 is
the zone-center frequency and $ is a temperature-
independent constant. This second method, which has been
used to analyze the soft-mode behavior of PbTiO3,29 is re-
quired in the waterfall region near the zone center, where the

FIG. 1. !Color online" Constant-Q scans measured at !2, 2, 0.15"
and !2, 2, 0.2" for PMN-0.32PT under E#001$=1 kV /cm at 450,
390, and 100 K. The three temperatures correspond to the cubic
!C", tetragonal !T", and monoclinic MC phases, respectively, as
identified in the Fig. 1.

FIG. 2. Temperature dependence of the zone-center TO phonon
!"#0"2 mode for !a" PMN !zero field", !b" PMN-0.32PT !E#001$
=1 kV /cm", and !c" PMN-0.60PT !zero field". The results for PMN
and PMN-0.60PT were measured in the !200" zone, while that for
PMN-0.32PT was obtained at !220". The data for PMN and PMN-
0.60PT were taken from Stock et al. !Refs. 23 and 24". The closed
symbols represent values obtained by extrapolation from nonzero q
to the zone center. The open circles were obtained from a direct
constant-Q scan measured at the zone center.

DYNAMIC ORIGIN OF THE MORPHOTROPIC PHASE… PHYSICAL REVIEW B 78, 104103 !2008"
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Figure 4. The left-hand panel illustrates low temperature phonon data taken on the

BT4 triple-axis spectrometer at NIST on a 80 g single crystal of PMN-29PT. The

data show the loss of intensity of the upper transverse optic mode branch (located

between 10-15 meV) near zone centre is approached. High resolution data taken on

the MERLIN chopper spectrometer at ISIS illustrating the presence of columns of

scattering near the zone centre (from Ref. [56]). The right-hand panel illustrates the

temperature dependence of the extrapolated zone center position for relaxors PMN and

PMN-32PT compared to the ferroelectric PMN-60PT (from Ref. [57]). The vertical

line illustrates the temperature where a structural transition occurs.

The dynamics that are incipient to the presence of this diffuse scattering cross

section were investigated by Roger and his collaborators. In several studies they

noted the presence of low-energy quasielastic scattering [52] that was accompanied by a

resolution-limited peak in energy that was identified with the central peak, in analogy

to that described above in the context of SrTiO3 [53, 54, 55]. Before discussing the

dynamics observed in these experiments with cold neutron spectroscopy, we first discuss

the transverse optic phonon and its temperature dependence.

Ferroelectric transitions are governed by the idea of a soft optic mode where a

transverse optic mode gradually softens to zero frequency, and freezes at the same

temperature where static ferroelectric order develops. This concept was presented above

in the context of the structural transitions in SrTiO3 and one of the first examples

of this was demonstrated in PbTiO3 using a thermal neutron triple-axis spectrometer

[58]. Studies outlined in Ref. [59, 60, 61, 62] measuring the response of the soft mode

over an extended range of temperature observed a softening of the lowest energy zone

centre transverse optic mode and later measurements reported a recovery. The minimum

energy was reached at the same temperature where static diffuse scattering was measured
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with cold neutrons to be onset. The change of the energy position of the soft mode with

temperature followed expectations based on Landau theory where the high temperature

slope is expected to be smaller than the low temperature recovery. The temperature

dependence of the zone centre soft mode in several lead-based relaxors is displayed in

the right-hand panel of Fig. 4.

The soft mode in the relaxors however display an anomalous lineshape near this

temperature where the frequency reaches a minimum. This is indicated in Fig. 4

where an energy scan keeping the momentum transfer fixed at the nuclear zone center

illustrates a peak that is much broader than resolution and even completely overdamped

for temperatures near where the optic phonon frequency reaches its minimum. A study

as a function of momentum transfer found that this overdamping of the transverse

optic phonon extended over wave vectors near the nuclear zone center. The origin of

this damping has proven to be contentious [63]. Originally, it was proposed that the

damping came from the presence of short range polar correlations [64, 65, ?] discussed

above based on the observation of diffuse scattering and also the index of refraction

measurements. However, later experiments on heavily PT doped PMN-60% PT found

nearly identical lineshapes [66] for the transverse optic phonon near the zone center

despite PMN-60PT being a ferroelectric which undergoes a well defined transition from

a cubic to tetragonal unit cell accompanied by frequency independent peaks in the

dielectric response.

It was later proposed that the unusual lineshape originated from symmetry allowed

coupling between the acoustic and optical phonons [67]. This phenomena is common

amongst the perovskites and has been studied in a number of materials including KTaO3

and SrTiO3 [68, 1]. The same formalism has also been applied to the phonons in

superconductors [69]. Such a picture is also appealing given that the diffuse scattering

around the nuclear Bragg peaks can be consistently understood in terms of both a

transverse optical displacement and also a centre of mass shift [70, 50]. This idea led to

a suggestion of a soft acoustic-optical phonon [71]. However, a study of the integrated

intensities [72] and energy positions of the acoustic phonons in PMN and PZN-xPT [73]

suggested little coupling between acoustic and optical phonons with only a response

correlated with the elastic diffuse cross section found [74]. One notable observation of the

soft optical phonon is illustrated in Fig. 4 is the loss in intensity of the phonon intensity

as it approaches the zone centre q → 0 limit. Such a loss of intensity at q = 0 is difficult

to explain in terms of mode coupling and led to further experiments using chopper

spectrometers that sampled broad regions in momentum and energy simultaneously.

A recent idea, motivated by the study of quasiparticle decay in quantum

magnets [75] and also discussed in this special edition in the context of one dimensional

magnets, has suggested the energy linewidth of the optical phonon originates from the

decay of the optic phonon into low-energy acoustic phonons [56]. This conjecture

is supported by kinematics requiring conservation of energy and momentum. The

temperature dependence is also explained in this picture with such decay processes

kinematically allowed only when the optic phonon softens to small enough frequencies
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where the decay route via two acoustic phonons is possible conserving both energy and

momentum. We note that a broadband of frequencies near the zone center is supported

by the range of dynamics observed with optics [76]. The soft mode in the lead-based

relaxors are therefore not determined by a single frequency like in SrTiO3, but rather

a range of frequencies. It will be of interest to determine in the future if the diffuse

scattering and phonon lineshapes can be consistently explained in such a picture and

whether this idea is consistent with concept of a soft optical-acoustic phonon.

On comparison between the soft mode dynamics with dielectric measurements

and diffraction under an electric field, two disparate temperature scales are observed.

A high temperature where the soft mode reaches a minimum in energy, and diffuse

scattering is onset, and a lower temperature scale were an anisotropy develops in the

diffuse scattering. Given the presence of random dipolar electric fields in relaxors

imbedded through the structural disorder on the body centred site, Ref. [77] looked

to other condensed matter systems with similar universality classes to understand

these properties. The case of random fields in model magnets has been investigated

in a number of systems, however the theoretical work in Refs. [78, 79] outlined the

difference between continuous and discrete (Ising) universality classes with continuous

type symmetries being highly sensitive to random fields and disorder.

Based on an analogy to random fields in model magnets [80, 81], a heuristic

description reconciling the temperature scales mentioned above was proposed based

on two competing energy scales with one being continuous, termed HHeisenberg and a

competing anisotropic term reflecting the cubic anisotropy Hcubic. The analogy with

magnetism follows if one maps the problem with Heisenberg spins corresponding to local

ferroelectric polarization and the cubic anisotropy reflecting the preferential orientation

of the polarisation, presumably along the 〈111〉 direction in PMN or PZN. The isotropic

random field results from differing charges on the B site of the perovskite unit cell. If

one considers the case where HHeisenberg > HRF > Hcubic two temperature scales result

with a high temperature characteristic of a continuous symmetry in the presence of a

random field and a low temperature where anisotropy becomes important. In such a

scenario, the random field destroys order in the high temperature regime, however at low

temperatures the phase transition can recover and be robust against the random field.

This is qualitatively what is observed in the relaxors. Despite the soft transverse optic

mode, no long range ferroelectric order can exist, even in the presence of an electric field.

However, at low temperatures where anisotropic terms become important, ferroelectric

order can occur as observed through dielectric and x-ray diffraction measurements below

Tc in the relaxors [82]. We note that random fields in relaxors have been suggested to

be important by many groups both experimentally and theoretically in the history of

relaxor ferroelectrics [83, 84, 85].

In terms of the static response, the two temperature scale behavior is most clearly

seen in the temperature dependence [86] of the diffuse scattering under strong electric

fields. In Fig. 3, it is seen that at high temperatures the diffuse scattering is independent

of electric field, however, at low temperatures below Tc it is suppressed and long range



Broadband critical dynamics in disordered lead-based perovskites 10

measurement !and hence is related to the resolution of the
experimental technique", and ! represents the characteristic
decay time of the dynamics. Based on the fits shown in Fig.
3, we can extract the fraction of the raw uncorrected intensity
associated with dynamics !1−"" and statics !"". A distribu-
tion of decay times can be incorporated into the fit by using
the form R#I!Q , t" / I!Q ,0"$="+ !1−""e−!t / !"#

. While there is
physical justification for a distribution of decay times asso-
ciated with the dynamics of the polar nanoregions, it is not
clear what the value of # should be for this case. Our choice
!#=1" is justified by the fact that our data are well described
by a single time scale over a broad temperature range. We
interpret the single decay time extracted from the fits to be
the average fluctuation time of the polar nanoregions.

The static and dynamic components extracted from Fig. 3
have been corrected for the IN11 instrumental resolution
#I!Q ,0"$ and plotted as a function of temperature in Fig. 4.
Panel !a" compares the elastic !or static" intensity measured
using three different instruments and experimental resolu-
tions and panel !b" displays the dynamic component normal-
ized to have a maximum value of unity. The data taken on
SPINS, a cold-neutron triple-axis spectrometer located at
NIST, were measured at Q! = !0.025,0.025,1.05" with an en-
ergy resolution of $E=100 %eV. The backscattering !IN10"
data were measured at the Q! indicated in Fig. 2!a" and rep-
resent the intensity of a Gaussian function of energy fit to the
elastic peak. The NSE data represent the static parameter !""
extracted from fits to the NSE spectra described above mul-
tiplied by I!Q ,0". Hence the data plotted in Fig. 3!a" equals
I!Q ,0"& ". All of the data have been normalized to unity at
200 K. The static component derived from the NSE fits de-
scribed above agree well with the static component derived

from backscattering. The data do not agree as well with the
intensities derived from poorer energy-resolution measure-
ments on SPINS, which used a fixed final energy Ef
=4.5 meV, and are suggestive of a dynamic component over
this region that has been integrated over !i.e., lumped into the
elastic channel" by virtue of the fact that the SPINS instru-
ment provides a substantially poorer energy resolution than
do the IN10 backscattering and IN11 NSE spectrometers.

From Fig. 4!a", the onset of the static portion of the dif-
fuse scattering appears between 400 and 450 K. This is sig-
nificant when compared to dielectric and other neutron
inelastic-scattering results.14 The Curie-Weiss temperature '
derived from high-temperature dielectric data #Fig. 1!c" is
400 K !Ref. 7" and coincides exactly with the temperature at
which the ferroelectric-active, soft-mode reaches its mini-
mum energy #Fig. 1!a"$.4 The 400 K temperature scale also
matches the temperature at which strong deviations in the
coefficient of thermal expansion in PMN are observed.36

Based on this result, we interpret the onset of the static com-
ponent of the diffuse scattering as the freezing of PNR. The
short-range nature of these frozen regions is evident from the
broad nature of the diffuse-scattering cross section in mo-
mentum space, which was illustrated in Fig. 2.

The dynamic component illustrated in panel !b" equals
I!Q ,0"& !1−"". On cooling, the dynamic component in-
creases, peaks, then decreases; this is consistent with dynam-
ics entering and leaving the time window probed by NSE.
The maximum intensity of the dynamic component occurs
near %325 K, which agrees well with the temperature Tmax
at which the peak dielectric response occurs when measured
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FIG. 3. !Color online" Time dependence of the normalized in-
termediate scattering function R#I!Q , t" / I!Q ,0"$ at various tem-
peratures. Both dynamic and static components are observed for
200( T( 450 K but only the static component is present at 200 K.
The error bars are related to the square root of the total number of
neutron counts.
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FIG. 4. !Color online" Temperature dependence of the static and
dynamic components extracted from fits to the data in Fig. 3. !a"
compares the static intensities measured with SPINS !$E
=100 %eV", IN10 !$E=0.5 %eV", and IN11. Panel !b" plots the
dynamic component of the intensity as a function of temperature.
The value of Tmax from Ref. 6 measured at 1 GHz is represented by
a vertical line. We emphasize that all data was taken on the same
PMN sample.
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clear what the value of # should be for this case. Our choice
!#=1" is justified by the fact that our data are well described
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interpret the single decay time extracted from the fits to be
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200 K. The static component derived from the NSE fits de-
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ments on SPINS, which used a fixed final energy Ef
=4.5 meV, and are suggestive of a dynamic component over
this region that has been integrated over !i.e., lumped into the
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ment provides a substantially poorer energy resolution than
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matches the temperature at which strong deviations in the
coefficient of thermal expansion in PMN are observed.36

Based on this result, we interpret the onset of the static com-
ponent of the diffuse scattering as the freezing of PNR. The
short-range nature of these frozen regions is evident from the
broad nature of the diffuse-scattering cross section in mo-
mentum space, which was illustrated in Fig. 2.

The dynamic component illustrated in panel !b" equals
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STOCK et al. PHYSICAL REVIEW B 81, 144127 !2010"

144127-4

PMN (NSE, IN11)
c)

Figure 5. Spin echo measurements taken on PbMg1/3Nb2/3O3 from Ref. [91]. (a−b)

show the fraction of intensity originating from static and dynamic components of the

neutron spin-echo cross section. These parameters are extraction from data illustrated

in (c). The Tmax line in (b) illustrates the temperature where the dielectric constant

reaches a maximum when measured at ∼ GHz.

structural distortions can exist as seen with x-ray diffraction under an electric field. In

analogy to random field magnets, a distinct near surface region is observed to display

differing critical behavior than the bulk [87, 88, 89], however recent measurements

have suggested this maybe due to chemical inhomogeneity and gradients within the

sample [90].

As pointed out by Roger Cowley in Ref. [92], relaxors represent a unique

experimental example of a continuous phase transition in a random field, a topic of

interest of Roger Cowley’s throughout his career [93]. In model magnets, random fields

are generated through the application of a magnetic field in the case of substitutional

disorder, a procedure sometimes referred to as the “Aharony trick” [94]. However,

this procedure for generating random fields in model magnets only works for Ising

universality classes where there is a discrete symmetry such as an anisotropy term in

the magnetic Hamiltonian. In the case of a Heisenberg magnet, the magnetic field will

ultimately break the continuous symmetry and therefore cannot be used to generate a

random field. Examples of model continuous symmetry breaking phase transitions in the

presence of a tunable random field are liquid crystals in confined porous media [95, 96].
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While the random field model appears to describe the two temperature scales,

the question of how this was reflected in the dynamics still remained. The dynamics

around the diffuse cross section discussed above was of particular interest in model

magnets which are classified under similar universality classes. To resolve this, efforts

at higher energy resolved measurements of the diffuse scattering were attempted using

backscattering and also thermal spin-echo [97]. These techniques largely failed to observe

any dynamics. However, later attempts using neutron spin echo using cold instruments

were able to resolve dynamics which were onset at high temperatures and gradually

became static [91, 98]. These measurements took advantage of the broad dynamic

range (plotted in time) measured on cold spin echo instruments which represented a

large advantage over backscattering instruments where a comparatively smaller dynamic

range is accessible.

The results of the spin-echo analysis are summarised in Fig. 5 taken on a large

single crystal of PMN at the IN11 spectrometer at the ILL reactor. Spin-echo has the

advantage over backscattering of sampling the dynamics in the time domain through the

intermediate scattering cross section S(Q, t). This affords a large dynamic range which

allows a shift in the timescale of the dynamics to be measured more readily. Fig. 5 (a, b)

illustrate the static and dynamic components of the neutron cross section extracted from

data shown in Fig. 5 (c). Based on this data we can interpret the dynamics of the two

temperature scales discussed above based on a random field model motivated from model

magnets. Dynamical local ferroelectric correlations are onset at high temperatures were

a static diffuse neutron cross section. This temperature coincides with where the soft

optical phonon reaches a minimum in frequency. At Tc, where a structural distortion,

and hence anisotropy, can be induced in the material, this cross section becomes static

at least on the ∼ GHz timescale probed with spin echo.

The two temperature scales are illustrated with neutron diffraction experiments

under an electric field outlined above and shown in Fig. 3 are also apparent in the

dynamics, however require the large dynamic range of spin echo to be experimentally

clear. In terms of the zone centre soft optical mode, the higher temperature appears

to be where the mode begins to recover and also where the onset of elastic diffuse

scattering is present. The connection of these two temperature scales with the single

temperature scale found in PbTiO3 is shown in the right-hand panel of Fig. 4 with

the vertical lines indicative of where a structural transition is reported. For large

concentrations of PbTiO3 (PT), the two temperature scales meet and at this point

the material becomes a ferroelectric in analogy to that of pure PbTiO3. This is also the

region where the piezoelectric properties drastically degrade. It will be interesting to

theoretically investigate the role these two temperature scales play in the advantageous

dielectric properties [99].

The lead-based relaxors represent an extension of the soft mode theory used to

describe the transitions in SrTiO3. The disorder introduces a range of frequencies that

are important, however the soft transverse optical phonon remains key to the onset

of some form (albeit short-range) of polar order. This disorder introduces a band of
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frequencies which are required to understand the dynamics. [100, 101]

4. Organic-inorganic photovoltaic perovskites and critical dynamics

The structure of the lead-halide organic-inorganic photovoltaics is similar to that of

SrTiO3 except for the added complexity of having a molecule occupy the perovskite

A-site that can then exhibit reorientational dynamics at sufficiently high temperature.

The structure of these materials is illustrated in Fig. 1 in the high-temperature cubic

phase. Organic-inorganic perovskites have received enormous attention from both

industrial and academic researchers in the past several years because of the exceptional

optoelectronic properties found in a number of compounds [102, 103, 104, 105, 106,

107, 108]. Of particular importance from an applications perspective is that, whereas

conventional solar cells based on single crystal silicon require defect-free materials,

solar cells based on the organic-inorganic perovskites display both high efficiency and

high charge mobility for a number of preparation techniques, which in turn suggests

that the photovoltaic properties are insensitive to disorder. The cell efficiency can be

further improved through longer charge diffusion lengths and hence mobility by chemical

substitution. Understanding the lattice dynamics in these materials is a key step towards

improving the efficiency, and also providing a template to create new materials with

similar properties.

Some of the first neutron scattering experiments on the organic-inorganic

perovskites were performed at Chalk River [110], and early investigations of the

dynamics were conducted on powders of CH3NH3PbBr3, which are summarised in

Fig. 6. The left-hand panel illustrates the powder-averaged dynamics as a function

of temperature. The data show a mode that softens from about 5 meV to nearly zero

at the structural transition at 150 K. At high temperatures, the dynamic response is

dominated by broad relaxational scattering. The origin of the soft mode was investigated

by comparing protonated and deuterated samples. Since deuterium is heavier than

hydrogen, modes involving molecular motions will renormlise to lower energies and the

neutron scattering cross section will weaken because deuterium has a much smaller cross

section compared to that for hydrogen. This analysis illustrates that the soft mode found

in the powder averaged response at this transition is due to the lead-halide framework.

The molecular dynamics are illustrated in the right-hand panel of Fig. 6 and probed

through quasielastic scattering using time-of-flight spectroscopy. Based on the elastic

cross section, the mean-squared displacement of the hydrogen atom could be extracted

and is plotted clearly showing the transition from the low-temperature orthorhombic

(Pnma) phase to the higher-temperature tetragonal (I4/mcm) phase. The intermediate

phase (labelled “II”) is unknown but is believed to be incommensurate, and the

molecular dynamics do not respond (within experimental resolution) to the transition

to the high-temperature cubic (Pm3m) phase. The high-resolution quasielastic data are

consistent with the data described above from IN4 where broad and fast dynamics are

observed above the structural transition at 150 K. The transition from an orthorhombic
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is inconsistent with the momentum dependence. The bound
component (Ibound) is taken to be a constant independent of
momentum transfer. Therefore, we consider rigid motions
around a fixed equilibrium position where the molecular
cations are orientationally ordered as expected based on
previous structural analysis [6]. The fraction of MA ions in
motion is given by α in Fig. 2(c). A fit to an activation
form α ∝ e−EB/T gives EB = 51 ± 5 K which characterizes
the energy required to activate molecular reorientation which
matches the onset temperature of observable displacements
of the hydrogen atoms in Fig. 1(a). The T dependence of
α [Fig. 2(c)] implies a phase transition at ∼150 K when
approximately 50% of the molecules become “unbound.”

The time scale of the molecular reorientations is presented
in Fig. 2(a) plotting γ vs T below 150 K. The molecular
motions above 150 K were too fast for the dynamic ranges
on both spectrometers and are discussed further below. The
solid curve is a fit to an Arrhenius form γ = γ0e

−E0/T with
γ0 = 323 ± 20 K and E0 = 2.3 ± 0.1 meV. The deviation at
low temperatures is due to the resolution limit of ∼2 µeV on
IN10 from which all data appear resolution limited within error
as the dynamics leave the spectrometer window. Our analysis
reveals two energy scales: one lower energy EB characterizing
the energy scale to allow molecular motion and a second higher
activation energy γ0 associated with the energy scale of the
molecular reorientation.

An unusual feature of the data, shown in Fig. 2(d), is the
slow quasistatic component which enters into the IN10 time
window near the structural transition at ∼150 K. Panel (d)
shows quasielastic data at 140 and 165 K. The 140 K data
shows no inelastic contribution and is well described by the
resolution function (dashed line). The T = 165 K shows a
quasistatic contribution with a linewidth of ∼5 µeV with
slightly higher temperatures showing this component to be
out of the time window on IN10. Based on infrared work on
OIPs [25] and also quasielastic scattering in nitromethane [26],
we expect the lower-temperature, quasistatic dynamics that is
onset above ∼50 K to be dominated by slowing methyl-group
rotations, whereas the dynamics observed just below the
150 K transition are likely due to the NH3

+ group, which are
hydrogen bonded to the Br framework at lower temperatures.

Having discussed the molecular dynamics, we now in-
vestigate the coupling between the molecular rotations and
the inorganic framework. Figure 3(a) shows Q-integrated and
powder-averaged data taken on the IN4 spectrometer mapping
out the T dependence of the low-energy modes. The plot
shows a series of intense modes above an energy transfer
of ∼10 meV which disappear at the structural transition at
150 K. The modes, which are sharp in energy, are replaced by
a broad relaxational line shape centered at the elastic position.
This onset of fast relaxational dynamics may be the origin of
the short-range distortions of the cubic framework observed
in pair distribution function studies of bulk and thin film
materials [10,27].

Concomitant with this rapid decay, a softening of a weaker
band of excitations is observed at ∼5 meV which is tracked by
the solid points in Fig. 3(a) obtained by fitting each spectra
to a T -dependent Gaussian. To assign this band to either
molecular motions (MA) or the host lattice (PbBr6 octahedra),
we have performed a scan on the MARI spectrometer on both

FIG. 3. (Color online) (a) displays inelastic scans taken on the
IN4 spectrometer. (b) and (c) show momentum integrated scans on
MARI on fully protonated and deuterated samples. (d) shows a plot
of the square of the PbBr6 octahedra phonon frequency as a function
of T .

protonated and deuterated variants with the results displayed
in Q-integrated energy scans in panels (b) and (c). On
deuteration, two effects are observed; first, a comparative
reduction of peak intensities at ∼10 meV, due to the lack of H
atoms and the corresponding smaller cross section; second, a
significant shift to lower energies owing to the heavier mass of
D over H. For these two reasons, we assign the 10-meV modes
to molecular motions and the 5-meV band to PbBr3 framework
motions (not involving MA motion). We corroborate this
conclusion below by comparing MARI spectra with results
from first-principles calculations.

Figure 3(d) illustrates the frequency squared of the PbBr6
octahedra mode as a function of temperature with the solid line
a fit to the “Cochran law” [28] E2

0 ∝ (T − Tc), where Tc is the
structural transition. This follows other known zone-boundary
transitions such as KMnF3 [29] and SrTiO3 [30], except that
we do not observe a high-temperature recovery; instead, the
spectra are dominated by the relaxational dynamics discussed
above which masks any observable recovery of the soft mode.
A strong deviation from linearity is observed at ∼50 K,
which is the temperature scale where molecular motion is
onset (Fig. 1). The IN4 results illustrate a coupling between
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FIG. 1. (Color online) (a) The structure of CH3NH3PbBr3 illus-
trating the MA molecular cations in the PbBr3 framework at 5 K.
(b) shows the mean-squared displacement of the hydrogen atoms
(⟨u2⟩) extracted from an IN10 elastic window scan as a function of
temperature and (c) plots a representative quasielastic scan taken on
IN10 at 45 K.

separating orthorhombic (phase I) and tetragonal (phase III)
states [8,20,21]. There is no observable discontinuity in the
mean-squared displacement of the hydrogen atoms associated
with the III-IV (tetragonal to cubic) transition on this time
scale (1/τ ∼ δE = ±1 µeV). This indicates the low-energy
molecular dynamics are similar over this temperature range.

The time scale of the dynamics of the MA ion can be
probed from energy analyzing neutron quasielastic scattering
(QENS). Figure 1(c) shows a representative QENS scan taken
on IN10 at 45 K displaying a two-component line shape with
a sharp, resolution-limited elastic component (dashed line)
and a broader-than-resolution relaxational component, fit by a
Lorentzian (solid curve). The broader Lorentzian is indicative
of molecular dynamics from which a time scale (τ ) can be
extracted from the energy width (γ ∼ 1/τ ). We now discuss
the quasielastic components as a function of both momentum
and temperature.

Figure 2 plots the energy (E), momentum (Q), and
temperature (T ) dependence of the quasielastic scattering in
the CH3NH3PbBr3. T - and Q-dependent parameters were
extracted by fitting each energy scan to the sum of an elastic
and dynamic component [S(Q,E) = Iel + Iqe = Ielδ(E) +
Idyn/[1 + (E/γ )2]] convolved with the resolution. Following
previous studies, we define the elastic incoherent structure
factor (EISF) from the normalized intensity IEISF = Iel/(Iel +
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FIG. 2. The quasielastic linewidth (a), momentum dependence
(b), and the elastic fraction (c) are plotted for CH3NH3PbBr3. Sample
quasielastic scans and fits are shown from the IN10 backscattering
spectrometer (d) and the NEAT direct-geometry time-of-flight spec-
trometer (e).

Idyn) [22]. Example fits are displayed in Figs. 1(c), 2(d),
and 2(e).

The Q dependence of the EISF is shown in Fig. 2(b),
and decays monotonically with Q at all temperatures studied
[shown in Fig. 2(e)]. As noted in Ref. [23], the Q dependence
of the EISF is sensitive to the real space nature of the equilib-
rium molecular motions; however, distinguishing features in
the models are only present at momentum transfers beyond
the range accessible in this experiment, limited by strong
nuclear Bragg peaks, resolution, and kinematics of neutron
spectroscopy. We have therefore followed Ref. [22] and fit the
results to a model for isotropic molecular reorientations with
the temperature dependence given by two components: one
where the molecular cation is bound, and a second fraction (α)
that is fluctuating and contributes to the inelastic scattering
component. The cross section, therefore, has the form Itotal =
(1 − α)Ibound + α(Iel + Iqe). “Isotropic” molecular reorienta-
tions give a dependence of IEISF(Q) = sin(Qr)/Qr , with r the
radius of the molecular cation and for simplicity we have taken
r to be the C-H distance of 1.05 Å from the methyl group. We
do not consider whole body rotations which would require a
larger effective radius including the C-N distance [24] which
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FIG. 1. (Color online) (a) The structure of CH3NH3PbBr3 illus-
trating the MA molecular cations in the PbBr3 framework at 5 K.
(b) shows the mean-squared displacement of the hydrogen atoms
(⟨u2⟩) extracted from an IN10 elastic window scan as a function of
temperature and (c) plots a representative quasielastic scan taken on
IN10 at 45 K.

separating orthorhombic (phase I) and tetragonal (phase III)
states [8,20,21]. There is no observable discontinuity in the
mean-squared displacement of the hydrogen atoms associated
with the III-IV (tetragonal to cubic) transition on this time
scale (1/τ ∼ δE = ±1 µeV). This indicates the low-energy
molecular dynamics are similar over this temperature range.

The time scale of the dynamics of the MA ion can be
probed from energy analyzing neutron quasielastic scattering
(QENS). Figure 1(c) shows a representative QENS scan taken
on IN10 at 45 K displaying a two-component line shape with
a sharp, resolution-limited elastic component (dashed line)
and a broader-than-resolution relaxational component, fit by a
Lorentzian (solid curve). The broader Lorentzian is indicative
of molecular dynamics from which a time scale (τ ) can be
extracted from the energy width (γ ∼ 1/τ ). We now discuss
the quasielastic components as a function of both momentum
and temperature.

Figure 2 plots the energy (E), momentum (Q), and
temperature (T ) dependence of the quasielastic scattering in
the CH3NH3PbBr3. T - and Q-dependent parameters were
extracted by fitting each energy scan to the sum of an elastic
and dynamic component [S(Q,E) = Iel + Iqe = Ielδ(E) +
Idyn/[1 + (E/γ )2]] convolved with the resolution. Following
previous studies, we define the elastic incoherent structure
factor (EISF) from the normalized intensity IEISF = Iel/(Iel +
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FIG. 2. The quasielastic linewidth (a), momentum dependence
(b), and the elastic fraction (c) are plotted for CH3NH3PbBr3. Sample
quasielastic scans and fits are shown from the IN10 backscattering
spectrometer (d) and the NEAT direct-geometry time-of-flight spec-
trometer (e).

Idyn) [22]. Example fits are displayed in Figs. 1(c), 2(d),
and 2(e).

The Q dependence of the EISF is shown in Fig. 2(b),
and decays monotonically with Q at all temperatures studied
[shown in Fig. 2(e)]. As noted in Ref. [23], the Q dependence
of the EISF is sensitive to the real space nature of the equilib-
rium molecular motions; however, distinguishing features in
the models are only present at momentum transfers beyond
the range accessible in this experiment, limited by strong
nuclear Bragg peaks, resolution, and kinematics of neutron
spectroscopy. We have therefore followed Ref. [22] and fit the
results to a model for isotropic molecular reorientations with
the temperature dependence given by two components: one
where the molecular cation is bound, and a second fraction (α)
that is fluctuating and contributes to the inelastic scattering
component. The cross section, therefore, has the form Itotal =
(1 − α)Ibound + α(Iel + Iqe). “Isotropic” molecular reorienta-
tions give a dependence of IEISF(Q) = sin(Qr)/Qr , with r the
radius of the molecular cation and for simplicity we have taken
r to be the C-H distance of 1.05 Å from the methyl group. We
do not consider whole body rotations which would require a
larger effective radius including the C-N distance [24] which
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FIG. 1. (Color online) (a) The structure of CH3NH3PbBr3 illus-
trating the MA molecular cations in the PbBr3 framework at 5 K.
(b) shows the mean-squared displacement of the hydrogen atoms
(⟨u2⟩) extracted from an IN10 elastic window scan as a function of
temperature and (c) plots a representative quasielastic scan taken on
IN10 at 45 K.

separating orthorhombic (phase I) and tetragonal (phase III)
states [8,20,21]. There is no observable discontinuity in the
mean-squared displacement of the hydrogen atoms associated
with the III-IV (tetragonal to cubic) transition on this time
scale (1/τ ∼ δE = ±1 µeV). This indicates the low-energy
molecular dynamics are similar over this temperature range.

The time scale of the dynamics of the MA ion can be
probed from energy analyzing neutron quasielastic scattering
(QENS). Figure 1(c) shows a representative QENS scan taken
on IN10 at 45 K displaying a two-component line shape with
a sharp, resolution-limited elastic component (dashed line)
and a broader-than-resolution relaxational component, fit by a
Lorentzian (solid curve). The broader Lorentzian is indicative
of molecular dynamics from which a time scale (τ ) can be
extracted from the energy width (γ ∼ 1/τ ). We now discuss
the quasielastic components as a function of both momentum
and temperature.

Figure 2 plots the energy (E), momentum (Q), and
temperature (T ) dependence of the quasielastic scattering in
the CH3NH3PbBr3. T - and Q-dependent parameters were
extracted by fitting each energy scan to the sum of an elastic
and dynamic component [S(Q,E) = Iel + Iqe = Ielδ(E) +
Idyn/[1 + (E/γ )2]] convolved with the resolution. Following
previous studies, we define the elastic incoherent structure
factor (EISF) from the normalized intensity IEISF = Iel/(Iel +
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FIG. 2. The quasielastic linewidth (a), momentum dependence
(b), and the elastic fraction (c) are plotted for CH3NH3PbBr3. Sample
quasielastic scans and fits are shown from the IN10 backscattering
spectrometer (d) and the NEAT direct-geometry time-of-flight spec-
trometer (e).

Idyn) [22]. Example fits are displayed in Figs. 1(c), 2(d),
and 2(e).

The Q dependence of the EISF is shown in Fig. 2(b),
and decays monotonically with Q at all temperatures studied
[shown in Fig. 2(e)]. As noted in Ref. [23], the Q dependence
of the EISF is sensitive to the real space nature of the equilib-
rium molecular motions; however, distinguishing features in
the models are only present at momentum transfers beyond
the range accessible in this experiment, limited by strong
nuclear Bragg peaks, resolution, and kinematics of neutron
spectroscopy. We have therefore followed Ref. [22] and fit the
results to a model for isotropic molecular reorientations with
the temperature dependence given by two components: one
where the molecular cation is bound, and a second fraction (α)
that is fluctuating and contributes to the inelastic scattering
component. The cross section, therefore, has the form Itotal =
(1 − α)Ibound + α(Iel + Iqe). “Isotropic” molecular reorienta-
tions give a dependence of IEISF(Q) = sin(Qr)/Qr , with r the
radius of the molecular cation and for simplicity we have taken
r to be the C-H distance of 1.05 Å from the methyl group. We
do not consider whole body rotations which would require a
larger effective radius including the C-N distance [24] which
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MAPBr3

Figure 6. The left-hand panel shows the dynamics in a powder sample of MAPbBr3
measured with time-of-flight spectroscopy. The IN4 data indicate a soft mode at low

temperatures that is replaced by a broad band of excitations above the structural

transition of ∼ 150 K. The assignment of the scattering peaks to inorganic framework

or molecular dynamics is made through isotope substitution (replacing hydrogen with

heavier deuterium). The right-hand panel displays high-resolution backscattering and

time-of-flight data that illustrate very low-energy quasielastic dynamics. An “elastic

window” scan is shown in the lower panel that measures the mean-squared displacement

of the hydrogen atoms as a function of temperature (the data are taken from Ref. [109].

unit cell is characterised by fast molecular dynamics that are insensitive to the framework

beyond this point.

As theoretically investigated by Roger in the context of his work on

perovskites [112], in the case that the order parameter is strain the soft modes are

the acoustic fluctuations. In the case of the lead-halide organic-inorganic perovskites,

however, the order parameter is a matter of ongoing debate. [113, 114] Single crystal

work was then performed in an attempt to measure the soft modes using triple-axis

spectroscopy. Initial work on the acoustic phonons in the iodine variant - MAPbI3 [111]

are shown in Fig. 7 illustrating well-defined acoustic phonon vibrations near the nuclear

zone centre (Γ point). However, on moving away from the zone centre towards the zone

boundary, the phonons become broad in energy and overdamped, which is indicative

of a shortened lifetime. This led to the idea that the molecule maybe damping the

phonons and therefore preventing these phonons from dissipating electronic excitations.

This idea in semiconductors is known as the “Hot Carrier” concept [115].
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conductivity makes HOIPs exciting candidates for thermoelectric
applications (23), inefficient thermal transport also has impor-
tant consequences for the operation of optoelectronic devices.
If phonons are slow to dissipate heat, this can create non-
equilibrium phonon populations and affect carrier relaxation and
scattering processes. If the relaxation dynamics are controlled,
these mechanisms could potentially enable hot carrier solar cells
capable of exceeding the Shockley–Queisser limit (27–29).
A detailed understanding of phonon–phonon interactions and

thermal conductivity in MAPI is limited by the lack of precise
measurements of the phonon lifetimes and, more generally, of the
lattice dynamics. We have measured the acoustic phonon disper-
sions and lifetimes in MAPI along two branches, in two Brillouin
zones, and in the orthorhombic, tetragonal, and cubic phases of
MAPI using high-resolution neutron spectroscopy (30). The use of
large, fully deuterated single crystals of (CD3ND3)PbI3 (d6-MAPI)
facilitated our study by reducing the strong incoherent scattering
from hydrogen atoms. Our data reveal extremely short acoustic
phonon lifetimes of 20 ps close to the Brillouin zone center and <1
ps near the zone boundary. First-principles modeling of the lattice
dynamics with third-order perturbation theory indicates that three-
phonon scattering processes are responsible for these short lifetimes
and shows that these interactions are facilitated by strong phonon–
phonon interactions and a high density of low-energy optical pho-
non modes. Furthermore, we fit our measured phonon dispersion
relations to extract the momentum-resolved acoustic phonon group
velocity and determine the acoustic phonon mean free paths
(MFPs), which range from 0.5 to 7 nm, in some cases smaller than a
single unit cell (1). These short lifetimes confirm the inability of
acoustic phonons to dissipate heat efficiently in MAPI. Finally, our
measurements of the quasielastic scattering (QES) in deuterated
d6-MAPI shows reorientational cation dynamics with 1-ps life-
times in the cubic and tetragonal phases, which are similar to
those observed in protonated samples (4, 5). This suggests that
the lattice dynamics we observe are consistent with those of
nondeuterated MAPI.

Results and Discussion
In our experimental geometry, we vary the energy transfer ET while
keeping the momentum transfer Q constant (i.e., we measure

constant-Q scans). Each constant-Q scan captures the interaction
between incident neutrons and the crystal lattice as a function of
energy transfer. Positive (negative) ET describes neutrons losing
energy to (gaining energy from) the lattice. Each constant-Q scan
exhibits a central peak at ET = 0 containing both an elastic and
QES component. In addition, if a phonon mode with energy Eph
has a sufficient structure factor S(Q, Eph), the constant-Q scan will
exhibit peaks centered on positive and negative Eph corresponding
to phonon creation and annihilation, respectively. Fig. 1A illus-
trates how constant-Q scans at different momentum transfer enable
us to map phonon modes through the Brillouin zone.
Fitting the constant-Q scans to an appropriate model enables us

to extract the phonon energies and linewidths as a function of
reduced wavevector k, where k represents the distance from Q to
the Brillouin zone center measured in reciprocal lattice units (31).
For the central peak, the elastic incoherent component corre-
sponds to static diffuse scattering and is well described by a
Gaussian lineshape with a fixed width determined by the instru-
mental resolution. The QES component corresponds to non-
propagating (or incoherent) lattice dynamics and is fit to a
Lorentzian profile. The phonon peaks are well-described by Voigt
profiles, where the Lorentzian and Gaussian components corre-
spond to the intrinsic phonon linewidth and instrument resolution,
respectively. The amplitudes of the phonon creation and annihi-
lation peaks are related by detailed balance (31). Fig. 1B illustrates
the fit for a representative constant-Q scan. Details of the fitting
procedure are provided in Methods and SI Appendix.
Whitfield et al. (12) have reported that partial and full deu-

teration do not affect the crystal structure of MAPI or the phase
transition temperatures. We measured the elastic neutron scat-
tering from our deuterated crystal and observed the orthorhom-
bic–tetragonal transition at 163 ± 2 K and the tetragonal–cubic
transition at 327.5 ± 1 K (SI Appendix, Fig. S1), values identical to
those in protonated MAPI (1). This suggests similar dynamic
behavior of deuterated and protonated MAPI, which is further
supported by our measurements of the QES (discussed below).
The transverse acoustic (TA) phonon dispersion along [110]

(Γ−M) in the cubic phase (350 K) and the TA dispersion along
[100] (Γ−X) in the cubic, tetragonal (300 K), and orthorhombic
(140 K) phases are shown in Fig. 2. The momentum transfer Q in

A

B
Fig. 1. Constant-Q scans and fits. (A) Constant-Q
scans and their fits measured along the [2, −k, 0]
direction. As k increases, the TA phonon energy in-
creases and the linewidth broadens. The curves are
colored yellow (k = 0.2), purple (0.25), red (0.3),
green (0.35), and blue (0.4). (Inset) Fully deuterated
d6-MAPI single crystal weighing 420 mg. (B) Con-
stant-Q scan at [2, −0.25, 0] (purple curve in A) with
fit and components shown. Reprinted with permission
from ref. 30, which is licensed under CC BY-NC 3.0.
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scattering techniques can probe phonon modes throughout the
Brillouin zone, but they are limited to energy resolutions of 1–
2 meV (38), which are insufficient to resolve picosecond lifetimes.
Our high-resolution neutron scattering measurements pro-

vide an order-of-magnitude-better energy resolution, of the order
0.1 meV HWHM, that enables us to measure intrinsic linewidths
corresponding to lifetimes shorter than ∼20 ps. This technique
has been previously employed in superconducting materials to
probe phonon lifetimes above the superconducting phase tran-
sition (39, 40). In addition, we calculated phonon lifetimes for
the orthorhombic perovskite structure using third-order pertur-
bation theory (33). Our analysis only considers third-order
(three-phonon) scattering processes, so the calculated lifetimes
should overestimate the real lifetimes, which include phonon–
phonon scattering to all orders as well as phonon–defect and
phonon–electron scattering.
Fig. 4 shows our measurements of the intrinsic TA phonon

linewidth along Γ−X and Γ−M, together with the instrumental
contribution to the phonon peak broadening (Methods) and our
calculations of the TA phonon lifetimes. Our measurements show
that the TA phonon broadens dramatically toward the zone
boundary, as predicted for anharmonic acoustic phonon decay
(41). Throughout the Brillouin zone, the TA phonon lifetimes are
extremely short, from 1 to 20 ps along both directions, and
equivalently short for the LA phonon along Γ−X (SI Appendix,
Fig. S5). Although first-principles calculations tend to overestimate
lifetimes as described above, our calculations show impressive
agreement with the measurements: The calculated lifetimes are
within a factor of 2 of the measured lifetimes for the Γ−X di-
rection and within a factor of 5 for the Γ−M direction. This lends
confidence to our theoretical analysis of the thermal transport.
In most of our measurements, the intrinsic linewidths are larger

than the instrumental contribution. The exception is the TA
phonon along Γ−M, where lifetimes near the zone center are in
the tens of picoseconds, with corresponding linewidths below the
resolution limit of our instrument. Error bars represent the SE
from the least-squares fitting algorithm; however, they do not take
into account the energy resolution of each data point and thus will
slightly underestimate the SE. As noted, crystal twinning results in

overlapping TA phonon peaks in the orthorhombic phase scans,
which complicates the fitting (SI Appendix, Fig. S2). We report the
fitted linewidths of the lower-energy peak and do not include error
bars, with the understanding that SEs may be significantly higher
for the orthorhombic lifetimes.
Overall, the TA phonon lifetimes we measure in MAPI are

markedly shorter than those in conventional semiconductors. In Si
and GaAs, long-lived phonons have correspondingly narrow in-
trinsic linewidths that are hard to measure given typical resolution
limits. However, prior calculations of the acoustic phonon life-
times in Si and GaAs report acoustic phonon lifetimes of 1 μs near
the zone center and 50–100 ps near the zone boundary (42, 43). In
comparison, the lifetimes we measure in MAPI are 50–100 times
shorter. Additionally, we calculated phonon lifetimes in GaAs and
CdTe employing the same methodology we used for MAPI, and
we find phonon lifetimes in MAPI to be ∼100–500 times shorter
than in these conventional semiconductors (SI Appendix, Fig. S6).
To investigate the microscopic origin of the short acoustic

phonon lifetimes in MAPI, we carried out first-principles cal-
culations of the three-phonon scattering processes using the
methodology developed in ref. 33. (SI Appendix, Supplementary
Methods). For a given phonon mode, the line broadening can be
written as the product of two terms: (i) the two-phonon DoS,
which describes the density of energy- and momentum-conserving
scattering pathways available for collision (two phonons in, one
phonon out) and decay (one phonon in, two phonons out) pro-
cesses and (ii) an averaged three-phonon interaction strength,
which describes the extent of physical coupling to other modes. SI
Appendix, Fig. S6 compares the calculated phonon lifetimes, two-
phonon DoS, and three-phonon interaction strength as a function
of phonon energy for MAPI, GaAs, and CdTe. We find that both
the two-phonon DoS and the three-phonon interaction strengths
are one to two orders of magnitude higher for acoustic phonons in
MAPI than in the other two semiconductors.
The increased density of three-phonon scattering pathways in

MAPI is related to the organic cation: The MA cation introduces

A

B

Fig. 4. Intrinsic TA phonon linewidths and lifetimes. Error bars represent the
SE in the fitted values; errors in the orthorhombic phase are larger due to
crystal twinning. Cross markers denote fitted values below the resolution limit.
Dashed lines show the calculated linewidths of the orthorhombic phase. Pur-
ple lines show the instrumental contribution to the linewidths. (A) TA phonon
along Γ−X in the orthorhombic (140 K), tetragonal (300 K), and cubic (350 K)
phases. (B) TA phonon along Γ−M in the cubic phase (350 K). Reprinted with
permission from ref. 30, which is licensed under CC BY-NC 3.0.

Fig. 3. Phonon DoS of MAPI for phonon energies from 0 to 20 meV (black)
with projections onto the Pb–I cage (blue) and MA cation (red). The cumu-
lative lattice thermal conductivity κiso at 300 K is overlaid in orange. The
dashed black line shows the total thermal conductivity summed over all
modes, including the “pure” molecular modes at higher energies. (Inset)
Schematic of orthorhombic-phase MAPI crystal structure with Pb–I octahe-
dral cage in blue and MA cation in red. Reprinted with permission from ref.
30, which is licensed under CC BY-NC 3.0.
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MAPbI3 (SPINS)

Figure 7. The acoustic phonons in MAPbI3 measured with the SPINS cold neutron

triple-axis spectrometer. The data illustrate an anomalous broadening of the acoustic

phonons away from the zone centre indicative of shortened lifetimes. The figure is

compiled from Ref. [111].

Similar phonon broadening has been reported in both the chlorine and bromine [118]

variants. The chlorine variant is illustrated in Fig. 8 on the left-hand panel. Interest

in the organic-inorganic compounds has revived interest in the fully inorganic materials

very recently. A surprising result is illustrated in the right-hand panel of Fig. 8 showing

that the acoustic phonon damping in fully inorganic CsPbBr3 is quantitatively similar to

that organic-inorganic compounds despite the absence of a molecule in these compounds.

Indeed, early work performed at Brookhaven on CsPbCl3 showed similar qualitative

energy broadening [114]. The connection between the phonon dampening and the

elegant “Hot Carrier” idea initially proposed is not clear and is an issue that needs

further investigation.

Despite the phonon broadening, the organic-inorganic lead-halide perovskites

structural transitions are expected to be driven by soft acoustic phonons at the zone

boundary. However, when comparing the three halides in this family different behaviours

have been observed, with the bromine compound supporting acoustic phonon softening

while the iodine and chlorine compounds exhibit over-damped phonons at the zone

boundary. These inconsistencies across the halides may therefore suggest a delicate

balance exists in the coupling between the molecular cation and the framework, which

seems to be tunable with the size of the halide, and which determines the dynamical

behaviour of each system through the structural transitions.

The molecular dynamics are clearly strongly affected by the structural transitions

in the organic-inorganic perovskites. One of the properties seen above in comparison to

the dynamics of lead-based relaxors, such as PMN, and in fully ordered SrTiO3 is the

lack of a definitive universal soft mode at high temperatures. While a change in the

elastic constants has been noted, no clear evidence of a harmonic soft mode has been
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FIG. 3. (a) Constant-Q cuts through the acoustic phonon TA2 for
several Q positions from the (2 2 0) Bragg peak towards the M point.
(b) Dispersion curves associated with the TA2 mode towards the
M point. The data is compared to the organic-inorganic compound
CH3NH3PbCl3 in its cubic phase (gray triangles, from Ref. [1]). The
blue and gray dashed lines are a fit to a sine function performed near
the q → 0 limit. (c) Q dependence of the TA2 phonon linewidths
extracted from the constant-Q cuts as described in the text and
compared to the phonon linewidth for CH3NH3PbCl3 (gray squares,
from Ref. [1]). The blue and gray dashed lines are a guide to the eye.
The gray dashed area represents the instrumental resolution of IN22.

variant are generally lower than the Cl and organic-inorganic
compounds. Given the larger size of Br, the decrease may be

TABLE I. Comparison of elastic constants extracted from ultra-
sound measurements in the cubic phase for CsPbCl3 and neutron in-
elastic measurements in the cubic phase for CsPbBr3 and MAPbCl3

(MA = CH3NH3).

CsPbCl3 CsPbBr3 MAPbCl3

(from [25]) (this work) (from [1])

C44 (GPa) 5.04 2.45(3) 3.00
(C11 −C12)/2 (GPa) 8.95 4.45(5) 10.8

attributed to an increase in lattice constants. It can be noted
that no clear change in the dispersion curves occurs between
300 K and 420 K on the energy scale (∼THz) probed with
neutron scattering. The temperature dependence of the lattice
dynamics will be discussed later. Moreover, the TA2 mode
becomes significantly flat, dispersing little in energy towards
the M zone boundary.

While acoustic phonons are well defined near the zone
center with γ0 < ω0, they become much broader in energy to-
wards the zone boundaries, indicative of a shortened lifetime.
The phonon linewidth was extracted as a function of q and
shows a shorter lifetime for smaller wavelength excitations, as
shown in Figs. 2(c) and 3(c). The effect is the most dramatic
for the TA2 phonon mode, towards the M point as phonons
could not be observed above q = 0.35. This feature was also
reported in CsPbCl3 [22]. As shown in gray, the momentum
dependence of the acoustic linewidth is also very similar to the
organic-inorganic hybrid perovskite CH3NH3PbCl3 [1] near
the zone boundary. At the momentum transfers near the zone
center, the linewidth enters the resolution of the spectrometer
and higher resolution probes are required to investigate the
phonon lifetime in this region of momentum.

IV. TEMPERATURE DEPENDENCE

A. Static properties

A temperature dependence study was carried out to char-
acterize the different structural transitions in CsPbBr3. The
intensity of the elastic superlattice reflections at the X point
(2, 1

2 ,0), M point ( 3
2 , 1

2 ,0), and R point ( 1
2 , 1

2 , 3
2 ) was measured

as a function of temperature on the IN22, BT4, and SPINS
spectrometers, respectively. New nuclear Bragg peaks appear
at all three zone boundaries, implying a doubling of the
unit cell along the crystallographic directions on entering the
tetragonal and orthorhombic phases from the high tempera-
ture cubic phase. As shown in Fig. 1(b), a sudden jump in the
intensity occurs at the M point around T = 410 K when the
unit cell transforms from cubic to tetragonal. When entering
the low-temperature orthorhombic phase around T = 360 K,
superlattice intensities simultaneously appear at the X and R
points. While the discontinuous evolution of the intensity at
the M point suggests a first-order transition, the intensity at
the X and R points seems to follow a second-order transition,
as previously reported in Refs. [2,23].

Previous work on CsPbCl3 analyzing the structure found
irregular behavior on the Cs and Cl sites which could be
modelled as either an anomalously large thermal parameter
[33] or site disorder [34]. Following this, we have carried
out an analysis of the temperature dependence of the thermal
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in a temperature range between 140 and 200 K. A relaxation
method with a 2τ fitting procedure was used.

III. PHONON DISPERSION AT T = 300 K

We first investigate the acoustic phonon dispersions with
the aim of identifying where in reciprocal space any anomalies
occur. The phonon dispersions at room temperature were
mapped out in the (H K 0) plane. The transverse acoustic
phonon dispersions were measured around the (2 0 0) and (2 2
0) Bragg positions, in the [2 q 0] and [2-q 2 + q 0] directions,
from the ! zone center point towards the X and M Brillouin
zone boundary symmetry points, respectively, at 300 K on
the thermal triple-axis IN22 (ILL). The measurements were
extended to low momentum transfer, to approach the q → 0
limit, on the cold triple axis SPINS (NIST), in the [2 q 0]
direction with the [2-q 2 + q 0] not measurable with cold
neutrons due to kinematic constraints of neutron scattering.
Figures 2(a) and 2(b) show constant-Q cuts around the (2
0 0) and (2 2 0) positions, respectively, performed on IN22.
A broad incoherent signal centered around E = 0 meV can
be observed and is attributed to incoherent scattering of the
hydrogen atoms present in the MA molecules. On top of
this background, clear acoustic phonon modes can be seen
which are correlated and form well defined peaks in scans as
a function of both momentum and energy transfer.

The energy position ω0 of the harmonic phonon modes
was extracted as a function of q by fitting the experimental
data (after subtracting a constant background) using a damped
harmonic oscillator model:

S(Q⃗,ω)

= [1 + n(ω)]I0

!
!0

!2
0 + (ω − ω0)2

− !0

!2
0 + (ω + ω0)2

"
,

where [1 + n(ω)] is the Bose factor, I0 is a constant, and
!0 is the phonon energy linewidth inversely proportional to
the phonon lifetime via !0 ∼ 1

τ
. The above form of the neu-

tron scattering cross section takes into account both neutron
energy gain and loss and obeys detailed balance [24]. The
incoherent part was fitted using the sum of a delta function
centered around E = 0 meV convoluted with the instrumental
resolution and a Lorentzian. In the case of the TA2 modes,
the incoherent part was ignored as the elastic signal was
dominated by scattering coming from aluminium present in
the sample environment.

Figures 2(c) and 2(d) shows the resulting dispersion curves
from ! to X (TA1 mode) and ! to M (TA2 mode), respec-
tively. Near the (2, 0, 0) and (2, 2, 0) zone centers, the phonons
were found to be well defined both in energy and momentum.
While long-wavelength acoustic phonons are associated with
a uniform center of mass motion of the lattice [23,24], our
results on MAPCl3 imply long lived and spatially correlated
lattice dynamics and therefore we associate these phonons
with primarily the PbCl3 framework instead of the interstitial
molecules which are disordered, uncorrelated, and fluctuating
with a large energy scale at 300 K. The molecular motions are
expected to give rise to a quasielastic signal centered around
the elastic (E = 0 meV) line instead of dispersive harmonic
modes well defined both in energy and momentum [25]. We
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FIG. 2. [(a) and (b)] Constant-Q cuts through the acoustic
phonon TA1 for several Q positions from the (2 0 0) Bragg peak
towards the X point and from the (2 2 0) Bragg peak towards the
M point (TA2 mode), respectively. The grey area corresponds to the
region in energy contaminated by strong scattering from aluminium.
[(c) and (d)] Dispersion curves associated to the TA1 mode towards
the X and the TA2 mode towards the M point, respectively. The red
line is a fit to a sine function. [(e) and (f)] Q dependence of the TA1

and TA2 phonon linewidths extracted from the constant-Q cuts as
described in the text.

also note that these phonon modes are very close in energy to
that observed in CsPbCl3 inorganic variant [8]. Both TA1 and
TA2 dispersion curves were fitted to a sine function allowing
us to extract the elastic coefficient C 44 = 3.0(2) GPa from the
TA1 mode and (C 11 − C 12)/2 = 10.8(1) GPa from the TA2
mode. These values are consistent with the elastic constants
reported in the iodine and bromine counterparts [26– 28] as the
chlorine compound is expected to be mechanically “softer.”
The elastic coefficients extracted from neutron scattering for
the three compounds are summarized in Table I.

The phonon linewidth was also determined as a function of
q and shows a strong energy damping for momentum trans-
fers approaching the zone boundaries, indicative of a shorter
phonon lifetime for these smaller wavelength excitations. In
particular, Fig. 2(d) shows that the TA2 mode significantly
broadens in energy and cannot be observed definitively for

123601-3

CsPbBr3 (IN22)MAPCl3 (SPINS, IN22)

Figure 8. A comparison of the acoustic phonon dynamics in the organic-inorganic

MAPCl3 (measured on SPINS and IN22 and taken from Ref. [116]) and the all

inorganic CsPbBr3 (taken from Ref. [117]) measured on IN22. Both compounds show

quantitatively similar phonon broadening away from the zone centre. This indicates

that the phonon broadening need not necessarily originate from the molecular dynamics

and that the favourable photovoltaic properties of MAPCl3 over CsPbBr3 are not solely

due to the phonon broadening.

found like that shown in Figs. 2 and 4. One possibility is that the molecular motions

reflect the critical dynamics that soften near the structural transition in the organic-

inorganic perovskites. We investigate this point in Fig. 9 where we show high-resolution

data taken on MAPbCl3 taken on the IRIS backscattering spectrometer located at ISIS.

In Refs. [119] and [109], which analysed the quasielastic scattering in MAPbBr3,

the low-energy dynamics were parameterized using a model described by a single energy

scale Γ. This analysis assumes a dominant energy scale Γ with the dynamic susceptibility

being described by,

χ(E) ∝ χ0Γ

Γ− iE . (1)

Given the symmetry of the high-temperature cubic structure and also the broad

relaxational dynamics observed in MAPbBr3 (Fig. 6), we consider the case where the

dynamics are governed by a continuum of energy scales bounded by two characteristic
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Figure 9. Fits to the low-energy dynamics in MAPCl3 using a broadband of

frequencies as described in the main text. (a−c) are example fits to a single lorentzian

lineshape and the broadband model. At 50 K in panel (c), the data are entirely

determine by the resolution function so both models overlap. (d) The elastic component

is plotted as a function of temperature. (e) illustrates the bandwidth (|Γ1 − Γ2|) as

a function of temperature. The arrows indicate the maximum bandwidth allowed

numerically in the fits.
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energies Γ1 and Γ2. This notion has experimental support from the range of timescales

reported for the molecular motions. [113, 119] This defines a broadband of excitations

rather than a single energy scale described in the formula above. This model of the

dynamics is motivated by the dynamical susceptibility investigated for non-Fermi liquids

in the context of strongly correlated electronic materials [120]. In such a case the

susceptibility would take the form,

χ(E) ∝
∫ Γ2

Γ1

dγD(γ)
1

γ − iE . (2)

Doing the integral and taking the imaginary part, which is proportional to the neutron

scattering cross section, gives the following:

χ′′(E) ∝ 1

Γ2 − Γ1

(arctan(E/Γ1)− arctan(E/Γ2)). (3)

A fit to this is illustrated in Fig. 9 and compared against the single-energy-scale fit

described above plus an elastic δ-function described by the resolution. The resolution

in this case was measured at low temperatures where it was assumed that all of the

molecular motions are frozen out. The resolution-convolved fits in panels (a− c) show

that the single-energy-scale fit (blue line) provides a reasonable description of the data,

but consistently provides a poor description of the intensity at low-energy transfers near

the elastic (E=0) position. The broad-band model, however, provides a much better

description over the entire energy range at very high temperatures (240 K) and also near

the transition at 185 K. At low temperatures, the molecular dynamics are frozen and

the neutron response is described by the elastic instrumental energy resolution.

This analysis illustrates that the dynamics in the lead-halide organic-inorganics

is driven by a broad band of frequencies with energy limits that extend beyond both

the dynamic range and the resolution of available neutron instruments. This finding

is consistent with the large bandwidth of fast relaxational excitations measured on

IN4 for the MAPBr3 variant. The intensity of the elastic component and the value

of the bandwidth of excitations are plotted in panels (d − e). A discontinuous jump

in the elastic intensity is observed at ∼ 175 K near the structural transition and an

increase is observable near 100 K. Similarly, the energy band width shows a drop at

the structural transition that is followed by another decrease at lower temperatures

where it is unresolvable with the resolution on IRIS. The high-temperature bandwidth

(indicated by the vertical arrows) is limited by the numerical limit of 10 meV imposed

in the numerical fitting.

Having discussed the quasielastic scattering and the energy-broadened low-energy

acoustic phonons, it is important to mention the critical scattering that drives the new

structural peaks at the zone boundary in these materials. As pointed out in Ref. [116],

near the structural transition in MAPCl3 no dynamic critical dynamics are observed;

instead the new peak appears to be analogous to the central peak observed in SrTiO3.

In a comparative study in CsPbBr3 [117], dynamic critical scattering was observed near
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the structural transition. The presence of a molecule in the organic-inorganic lead-

halide perovskites seems to provide another timescale that is required in the theoretical

formulations of the central peak in SrTiO3 discussed above and, interestingly, is also

discussed in the context of molecular solids. [121, 122]

Perhaps the most important challenge for researchers trying to understand the

structural phase transitions in the organic-inorganic perovskites is how to relate the

dynamics present at low energies to the favourable photovoltaic properties. The

dynamics that respond and possibly drive the transitions in these materials are not

dictated by one energy scale like that in SrTiO3 or even in the lead-based relaxors,

where the soft phonon theory largely describes the temperature-dependent dynamic

response. While the order parameter is strain in these compounds, no clear sign of a

soft acoustic phonon has been reported yet, and the powder data presented in Fig. 6

have yet to be related to single crystal results. It may be that the softening manifests at

non-zero momentum, but is masked by the large phonon broadening already present in

these compounds. There is still much theoretical and experimental work that needs to

be done on these materials to understand the dynamics that drive the structural phase

transitions.

5. Discussion and Conclusions

The basic motivations for understanding the lattice dynamics of the lead-based organic-

inorganic and relaxor systems differ, as the former are driven by the remarkable

photovoltaic properties and the latter by the ultra-high piezoelectricity, yet many

similarities exist between the physics of both compounds. We discuss three similarities

in terms of the crystal structure and phonon lifetimes.

The lead-based relaxors and the lead-halide organic-inorganic compounds share a

perovskite-based unit cell, and each display some form of structural disorder. The lead-

based relaxors have the chemical formula PbBO3 where the B-site is occupied by at least

two ions of differing valence. This has been discussed above and noted in the literature

as providing the basis for an underlying random field. The soft-mode response in lead-

based relaxors does not correspond to a well-defined structural transition that can be

characterized by a single wave vector. Instead, as noted by Roger et al. [7], it is consistent

with an order parameter that has many different wave vectors simultaneously. This

situation is similar to that of a glass [123] in many regards, but it does not cause a change

in the long-range order of these systems. The disorder present in the organic-inorganic

perovskites, on the other hand, arises from the molecular rotations on the A-site and

is evidenced through an order-disorder response in the underlying structural dynamics.

Even the fully inorganic CsPb(Br,Cl)3 compounds have been shown to display large

thermal displacement factors, which is evidence of some type of positional disorder. But,

unlike the relaxors, the organic-inorganic perovskites do display well-defined structural

distortions.

While there are differences in the nature of the structural transitions in these
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materials, the phase transitions in the lead-halide perovskites and relaxors are each

driven by highly-damped (energy-broadened) phonons, which is indicative of shortened

phonon lifetimes. Despite the phonon broadening, the structural transitions in the

lead-halide perovskites appear to be driven by soft zone-boundary acoustic phonons. In

contrast, ferroelectricity in lead-based relaxors is governed by the zone-centre dynamics.

However, the relaxor ferroelectrics also exhibit a simultaneous zone-boundary distortion

that suggests the zone-boundary and zone-centre dynamics are coupled. A similar

situation occurs in SrTiO3, which displays simultaneous soft modes at the zone centre

(Γ-point) and zone boundary (M -point). However, the zone-boundary dynamics in the

relaxors are believed to be associated with an optical phonon while those in the lead-

halides are associated with acoustic phonons related to tilt distortions. The acoustic

phonons in the lead-halides become increasingly damped with increasing wave vector

(shorter wavelength), making an experimental characterisation of the zone-boundary

soft phonons extremely difficult. This wave-vector-dependent phonon broadening is

observed in relaxors as well, but in that case the damping affects the polar transverse

optic mode and increases with decreasing wave vector (larger wavelength). Interestingly,

the dynamics of the organic molecule do show a response to the structural transition

with a narrowing of the bandwidth of the fluctuations sampled through quasielastic

neutron scattering. The fact that a broad band of energies seems to participate in the

structural transition may be indicative of a more complex order parameter like that

suggested by Roger in the relaxors. It will be interesting to investigate this point in the

future.

There are several unifying themes that span the three compounds discussed in

this paper, in particular the idea of a soft mode driving a structural transition and

the continuing mystery surrounding the central peak. Roger Cowley was instrumental

in the development of these ideas through his work on SrTiO3, and he pursued these

throughout his career. We hope we have been able to connect some of these themes and

motivate further discussion of the dynamics in the organic-inorganic perovskites as well

as in as-yet undiscovered new compounds that are also based on the perovskite lattice.
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