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The construct of the well ordered crystalline lattice has long 
provided the foundation for condensed matter science. The 
concept underlies the description of metals and insula-

tors, of magnets and superconductors, and the structure of matter 
itself. Deviations from this perfection — disorder and randomness 
introduced through substitutions and their impact on electronic 
structure, strain and so on — can drastically modify the behav-
iours predicted from this simplified model. Such deviations often 
occur as local ordering phenomena that break long-range, average 
symmetry at the nanometre scale, but measuring this local order 
and correlating it with the microscopic physics underlying mate-
rial behaviour remains a grand challenge. This is epitomized in 
Pb-based relaxor ferroelectrics — complex perovskite oxides with 
exceptional electromechanical coupling and large, weakly temper-
ature-dependent dielectric constants that are desirable in numer-
ous applications. Although it is widely agreed that both properties 
are coupled to locally broken symmetry, the nature of the disor-
dered ground states remains controversial. A frequently employed 
model consists of nanometre-scale ferroelectric domains, or polar 
nanoregions1–5, that are embedded in a non-ferroelectric matrix, 
and it has been argued that these polar nanoregions strongly influ-
ence the dielectric permittivity6,7 and enhance the electromechani-
cal properties8–10. However, this ‘raisins-in-the-cake’ picture is 
inconsistent with competing models that instead implicate a large 
number of low-energy domain walls arising from nanometre-scale 
variations in the polar displacement vectors11,12. Other researchers 
have highlighted the importance of chemical short-range order13, 
competing antiferroelectric and ferroelectric interactions14, or the 
contrasting ferroelectric tendencies of different cations occupying 
crystallographically equivalent sites15 — all of which influence local  
atomic displacements and material properties. Pb-based relaxor  

ferroelectrics thus represent a valuable material with which to test 
the experimental methodologies that are being developed to deter-
mine local order and to correlate order with material performance.

The confusion leading to these different interpretations arises 
because the relationships between the dielectric and electromechan-
ical properties and the various forms of long-range and especially 
short-range order have not been well established. These proper-
ties vary with composition in the Pb-based relaxor ferroelectric 
PMN-xPT (x is in per cent), allowing clarification of these relation-
ships. Figure 1a illustrates the evolution of the average symmetry 
of single-crystal PMN-xPT with composition and temperature16. 
The low-temperature structure transforms from non-ferroelectric, 
cubic symmetry at x =​ 017,18 to highly strained ferroelectric, tetrago-
nal symmetry at x =​ 100 via two different monoclinic space groups: 
Cm (nearly indistinguishable from rhombohedral R3m) and Pm. 
The compositional dependence of the piezoelectric coefficient 
d33, which relates the strain to an applied electric field, is adapted 
from ref. 19 and presented in Fig. 1b. Electromechanical proper-
ties are poor for both endmembers but anomalously large close 
to the monoclinic Pm phase that borders the tetragonal phase at 
a morphotropic phase boundary (MPB) near x ≈​ 30. PMN (x =​ 0) 
is generally considered to be a canonical ‘relaxor’, distinguished by 
an unusually broad and rounded maximum in dielectric permit-
tivity at a strongly frequency-dependent temperature Tmax(ω)5. The 
frequency-dependent shift in Tmax, defined as Δ​Tmax =​ Tmax(106 Hz) 
–Tmax(102 Hz), is approximately 24 K for PMN20,21. However, as first 
elucidated by ref. 21 and reproduced in Fig. 1c, Δ​Tmax, and hence the 
diffusive characteristics of the material, gradually decreases with 
x. The relaxor characteristics disappear at approximately the com-
position at which the MPB is reached and the electromechanical 
response is maximal22.
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Probing the local order of Pb-based relaxor ferroelectrics. Diffuse 
neutron and X-ray scattering are classic signatures of local ordering. 
Both have been well documented in Pb-based relaxor ferroelectrics 

and characterized as rod-like, centred at Bragg reflections (q =​ Q 
– τBragg =​ 0, where q is the reduced wavevector, Q is the wavevec-
tor, and τBragg is the Bragg wavevector), oriented along <​110>​3,5,23–25, 
and resembling ‘butterfly’-shaped patterns around the h00 peaks. 
This ‘butterfly’-shaped diffuse scattering has been modelled with 
polar nanoregions3,25–29, oriented polar domain walls30, polar corre-
lations between chemically ordered nanoregions13, Huang scatter-
ing31, thermal-like diffuse scattering32 or a homogeneous random 
network of anisotropically coupled dipoles33. It has also been asso-
ciated with ferroic order, relaxor behaviour or both34,35; yet there 
is no consensus on a correct interpretation of the underlying local 
order or how it influences material properties. Additionally, dif-
fuse scattering centred on the Brillouin zone boundary M points 
½(2h +​ 1,2k +​ 1,2l) has been observed in PMN and attributed to 
antiferrodistortive displacements of Pb cations36. Unusual neutron 
inelastic scattering from highly damped phonons is observed at these 
M points and has been associated with antiferroelectric modes37 
that soften to produce broad elastic peaks at low temperature. 
Diffuse peaks centred on the R points ½(2h +​ 1,2k +​ 1,2l +​ 1) have 
also been reported, and have been attributed to ordering of Mg2+  
and Nb5+ ions36,38.

By employing instrumentation that represents a breakthrough in 
our ability to measure large, three-dimensional volumes of neutron 
elastic diffuse scattering efficiently, we identify how the different 
forms of local order in PMN-xPT correlate with the dielectric and 
electromechanical properties as well as with the long-range ordered 
polar states. These correlations are unravelled via systematic study 
of the compositional dependence of the neutron elastic diffuse scat-
tering from a collection of crystals that span the structural phase 
diagram, with compositions that have been precisely determined via 
prompt gamma activation analysis. We have performed extensive 
and complementary neutron and X-ray diffuse scattering measure-
ments, each covering a large three-dimensional volume of recip-
rocal space and enabling a survey of many Brillouin zones across  
the whole phase diagram of PMN-xPT. By implementing cross- 
correlation with a pseudorandom chopper, the neutron measure-
ments provide both elastic and energy-integrated signals, allowing 
us to determine whether the measured diffuse scattering is of static 
or dynamic origin (see Methods).

These measurements reveal four distinct sources of diffuse  
scattering, which we refer to as C1 to C4; each evolves uniquely with 
composition, allowing us to correlate each source with the dielec-
tric and electromechanical properties. This leads to the following 
findings: (1) The ‘butterfly’ scattering, which is frequently conflated 
with both polar nanoregions and relaxors, is not a unique signature 
of the relaxor state because its intensity does not correlate with the 
relaxational dielectric behaviour. If it arises from polar nanoregions, 
its presence alone is insufficient to produce the relaxor state; (2) 
the ‘butterfly’ scattering displays previously unrecognized intensity 
modulations originating from oxygen displacements that render 
existing models inadequate; (3) short-range antiferroelectricity, 
probably seeded by local chemical ordering, strongly correlates with 
relaxational behaviour and must play an important part in its ori-
gin; and (4) the ‘butterfly’ scattering is maximal near the MPB and  
correlates with electromechanical coupling.

Ferroic diffuse scattering. Broad surveys of the neutron diffuse 
scattering (T =​ 6 K) in four different pseudocubic scattering planes: 
l =​ 0, l =​ 1, l =​ 2.5, and l =​ 3.5 are shown in Fig. 2a–d for x =​ 0 and in 
Fig. 2e–h for x =​ 30. The l =​ 0 and l =​ 1 planes contain the principal 
Bragg reflections, which in a perfect crystal would appear as delta 
functions broadened only by the instrumental resolution. However, 
intense diffuse scattering centred on each zone centre (q =​ 0) is also 
present. We refer to this as component 1 (C1) as marked by the 
red circles in Fig. 2. C1, commonly referred to as ‘butterfly’ scat-
tering, has received the most attention in previous studies and has 
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Fig. 1 | Compositional dependence of structure, bulk properties and sources 
of diffuse scattering of PMN-xPT. a, Structural phase diagram for single 
crystals of PMN-xPT as adapted from ref. 16. ‘SRO R/M’ refers to a region in 
the phase diagram where there is short-range rhombohedral or monoclinic 
order that is resolvable from the splitting of the fundamental Bragg 
reflections. ‘Mc’ refers to a monoclinic symmetry with space group Pm50.  
‘MB’ refers to a monoclinic symmetry with space group Cm50. ‘T’ refers to 
tetragonal symmetry. ‘Single Xtals: metrically cubic’ refers to the region  
in the phase diagram where single crystals are metrically cubic.  
b−​f, Compositional dependence of various parameters. b, The piezoelectric 
coefficient, d33, as reported for single crystals and adapted from ref. 19.  
c, Δ​Tmax, as described in the main text. Data were collected and adapted 
from ref. 21. d, Amplitude of C1 measured with neutrons. Amplitude was 
estimated by integrating intensity over a section of the diffuse lobes around 
the 200 Bragg peak, centred on (2.14, 0.14, 0.0). e, Amplitude of the M-point 
scattering (C2), obtained by least-squares fitting of a Gaussian function to 
the (3.5, 0.5, 0.0) peak. f, Amplitude of the R-point scattering (C3) obtained 
by least-squares fitting of a Gaussian function to the (2.5, 0.5, 0.5) peak.  
g, Amplitude of the size-effect scattering (C4) obtained by integrating over 
a box of 0.4 ×​ 0.4 ×​ 0.4 reciprocal lattice units (r.l.u.) centred on (3.5, 0, 0). 
Linear vertical scales are used for d−​g. Data were collected at 6 K for d−​g.
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a ferroic nature revealed by a marked electric field dependence39. 
Most measurements of C1 have been limited to a small number  
of mainly low-|Q| Brillouin zones because these are the easiest to 

measure in conventional scattering measurements (such as triple-
axis). However, our broad surveys clearly indicate interzone inten-
sity modulations to C1. When the Miller indices hkl of a Bragg peak 
are all odd or all even, then C1 is stronger on the high-|Q| side of 
the Bragg peak; otherwise, the scattering is stronger on the low-|Q| 
side. This holds for all Brillouin zones and is most easily visualized 
along <​h00>​, where successive zones have diffuse intensities that 
alternate between strong high-|Q| and strong low-|Q|.

Most previous neutron studies have focused on a few Brillouin 
zones and were thus unable to identify this asymmetry23,24,26,27. 
Although it is not surprising that this feature had not been appre-
ciated in previous neutron scattering measurements confined to a 
small number of Brillouin zones, in retrospect it is recognizable in 
previous reports on PMN and related systems23,40–43. However, it is 
surprising that this intensity modulation was not reported in syn-
chrotron X-ray studies, which provide access to a much larger Q 
range. We therefore carried out complementary X-ray scattering 
experiments (Supplementary Fig. 1 shows X-ray scattering inten-
sity maps measured on pieces taken from the same crystals in the 
same planes as shown for neutrons in Fig. 2). Figure 3 compares 
the diffuse scattering surrounding 400 for x =​ 30 in the l =​ 0 plane 
for X-rays (Fig. 3a) and neutrons (Fig. 3d), and it appears that the 
low-|Q| and high-|Q| intensities are much closer to equal for X-rays 
than for neutrons. This is confirmed by examination of the (3.9, k, l) 
and (4.1, k, l) planes, which illustrate the distribution of C1 on the 
low-|Q| and high-|Q| sides of 400, respectively, for both X-rays 
(Fig. 3b,c) and neutrons (Fig. 3e,f). The large difference in inten-
sity between the low-|Q| and high-|Q| diffuse lobes measured with 
neutrons around this peak does not match the nearly equal inten-
sity distribution of the same diffuse lobes measured with X-rays.  
For peaks of all even or all odd Miller indices, the C1 intensity is 
close to symmetric when measured with X-rays; for peaks of mixed 
even and odd indices, we observe the same asymmetry with X-rays 
as with neutrons with a less extreme difference in intensity.

The large penetration depths of both the neutrons and the high-
energy X-rays used in our study (see Methods) ensure that both 
probes sampled the bulk of the crystals, so the observed difference is 
not due to a skin effect16,44,45. The low-|Q|/high-|Q| interzone modu-
lations are present in both the elastic and energy-integrated neutron 
cross-sections, indicating that this difference between neutron and 
X-ray data is not due to the integration of low-lying phonon modes 
in the X-ray experiments and that this feature is static in origin.  
The observed differences are intrinsic and result from differences 
in diffuse scattering structure factors caused by the disparate  
scattering lengths of the constituent atoms for these two probes. 
Whereas the scattering of X-rays is dominated by the heavy Pb  
cations, neutrons are more sensitive to oxygen anions. Calculations 
of Bragg structure factors (described in Supplementary Information 
section II) demonstrate the influence of oxygen in tetragonal, 
Ti-rich compositions where similar modulations can occur (see 
Supplementary Fig. 2). We therefore conclude that correlated  
oxygen displacements play a significant part in C1.

We now consider the compositional dependence of C1. 
Reciprocal space maps of neutron diffuse scattering for the h00 set 
of Brillouin zones for different compositions are shown in Fig. 4a–e 
(full maps of the l =​ 0 plane are shown in Supplementary Fig. 3). 
The compositional dependence of C1 is most easily illustrated by 
the set of linear cuts offset by k =​ 0.14 r.l.u., as shown in Fig. 4f–j. C1 
is clearly present for 0 ≤​ x ≤​ 35. At x =​ 40 the intensity is drastically 
weaker, and a tetragonal domain structure appears, which causes the 
h00 Bragg peaks to split. Qualitatively, C1 is most rod-like at x =​ 0 
and becomes increasingly centralized (pushed in towards q =​ 0) as x 
tends towards the MPB (though it still extends out well beyond the 
Bragg peak). The amplitude of C1, shown in Fig. 1d, increases with 
x from x =​ 0 to x =​ 30, where it is maximal; it then falls off precipi-
tously upon further increase in x. (See Supplementary Information 
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Fig. 2 | Reciprocal space maps of neutron scattering intensities measured 
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section III and Supplementary Fig. 4 for details of the calculation of 
its q dependence.) The enhancement of the q =​ 0 component upon 
increasing x towards the MPB is consistent with ref.46, and the disap-
pearance of C1 in the tetragonal phase is consistent with the finding 

of a lack of diffuse scattering for x =​ 60 (ref. 43). Thus, C1 is present 
in all compositions on the Ti-poor side of the MPB, and its ampli-
tude peaks in the Pm phase that forms the MPB but disappears on 
the Ti-rich side of the MPB.
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Despite significant discussion in the literature relating C1 diffuse 
scattering to relaxor physics, a comparison of the compositional 
dependence of Δ​Tmax (Fig. 1c) to that of C1 (Fig. 1d) shows that 
C1 is maximal where the relaxational character is essentially absent. 
This indicates that C1 is not directly related to relaxational dielectric 
behaviour. However, it is notable that both d33 and C1 are maximal 
at the MPB (x ≈​ 30). This suggests a physical connection between 
the electromechanical coupling and C1. That said, C1 is also pres-
ent in compositions (such as x =​ 0, 20) for which electromechanical 
properties are poor, so its presence alone cannot account for electro-
mechanical coupling. Strong electromechanical coupling implies a 
free-energy landscape in which multiple states have similar energies 
such that their populations are influenced by external electric fields. 
Such a situation would lead to competing mesoscopic domains that 
are enhanced at the MPB and thus enhance C1. Adaptive phase 
models47 and anomalous domain wall densities11 have been consid-
ered as potential mechanisms that could connect electromechanical 
coupling to C1. Our measurements highlight the need to account 
for oxygen displacements in modelling and understanding strong 
electromechanical coupling in this system.

Diffuse scattering around zone boundaries. A second contribu-
tion to the diffuse scattering, C2, forms broad peaks centred on 
zone-boundary M points. These are apparent in Fig. 2 for x =​ 0 
(indicated by white circles), but are strongly suppressed for x =​ 30. 
As mentioned above, M-point scattering has been reported in X-ray 
scattering experiments for crystals with x =​ 0 (refs 36,48) and x =​ 6 
(ref. 36), but it was unresolvable for x =​ 10 (ref. 36). These peaks have 
been attributed to antiferrodistortive Pb displacements36, and neu-
tron inelastic scattering experiments have shown that they originate  
from the condensation of unusually damped, soft optic phonons37. 
In Fig. 5a–f, we show neutron scattering contours in the h =​ 3.5 
plane for all compositions, and cuts (Fig. 5g–j) are made through 
the scattering contours to illustrate how the amplitude of the M 
point changes with composition. It is apparent that the M points 

are strongest for x =​ 0, diminish in amplitude with increasing x, 
and are essentially absent at the MPB. This compositional depen-
dence is displayed in Fig. 1e, and a comparison with Δ​Tmax (Fig. 1c) 
shows a clear correlation between the relaxational character and the 
M-point intensity. The C2 compositional dependence thus strongly 
suggests a link between short-range antiferroelectric displacements 
and relaxor physics. Whereas C1 is ferroic, C2 is antiferroelectric in  
origin37. We suggest that the compositional dependence revealed 
from our work supports a picture in which relaxor physics arises 
from competing ferroelectric and antiferroelectric interactions36. 
Indeed, this idea is consistent with recent theoretical work14 describ-
ing the relaxor state as a soft pseudospin glass resulting from frus-
tration between competing ferroelectric and antiferroelectric 
interactions. In this picture, which may extend to relaxor systems 
beyond PMN-xPT such as BZT15, the ferroic interactions leading to 
C1 are inhibited by the antiferroelectric interactions underlying C2.

Another component of the diffuse scattering, C3, is observed 
at the zone-boundary R points. This feature is composed of broad 
peaks similar to C2, but the peaks at the R points have a distinct 
temperature dependence. The temperature dependence for all 
C3 peaks is not identical; for example, the (3.5, 0.5, 0.5) peak is  
suppressed at higher temperatures, while the (2.5, 0.5, 0.5) peak 
retains most of its intensity up to 700 K. This suggests two contri-
butions to C3: a temperature-dependent part of similar origin to 
C2 and a temperature-independent part of chemical origin (see 
Supplementary Fig. S5 and discussion in Supplementary Information 
section IV). The temperature-independent scattering, similar to 
scattering originally revealed in transmission electron microscopy 
studies38 and later seen in X-ray measurements36,48 almost certainly 
arises from ordering of B-site cations. Although it is too broad to 
be produced by highly ordered large domains, this scattering indi-
cates short-range rock-salt ordering, with nearest-neighbour pairs 
of Mg–Mg atoms less likely to occur than would be expected from 
a random distribution. Our neutron measurements show that this 
ordering diminishes with increasing x (Fig. 1f), consistent with 

0.25
0.0

–0.25

0.25
0.0

–0.25

0.25
0.0

–0.25

0.25
0.0

–0.25

0.25
0.0

–0.25

(0
,0

,l
)

0.25
0.0

–0.25

1.0 2.0 3.0 0.0 1.0 2.0 3.0

(0,k,0)(0,k,0)

Scattering intensity along wide (3.5,k,0.0) cut

PMN

PMN-20PT

PMN-30PT

PMN-35PT

PMN-40PT

PMN-50PT

0.0

Scattering intensity in (3.5kl ) plane

a

b

c

d

e

f

g

h

i

j

k

l

N
or

m
al

iz
ed

 in
te

ns
ity

 (
ar

bi
tr

ar
y 

un
its

)
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the transmission electron microscopy38 findings. Clearly, the B-site  
(2+​/5+​) ordering occurs to minimize the local Coulomb energy,  
as it is impossible for this order to persist over long distances in  
PMN-xPT and maintain charge neutrality. As Ti4+ ions are introduced  
with increasing x, the propensity for charge ordering diminishes. 
Ref. 13 has discussed the importance of chemical short-range order 
in seeding locally polar regions in PbSc1/2Nb1/2O3; however, while 
there is certainly a correlation between the local cation order-
ing (shown in Fig. 1f) and the relaxational dielectric behaviour  
(Fig. 1c), there is no obvious correlation to the polar nanoregions, 
which are often associated with C1 (Fig. 1d). Recent theoretical 
work suggests that local cation ordering is associated with increased 
antiferroelectric activity49. While this may explain the correspon-
dence of C2 and C3 intensities, it is important to note the absence 
of C3 intensity near the MPB. Our data indicate that where ferroic 
properties are maximal, B-site cations are randomly distributed, 
and a highly ordered arrangement of these atoms cannot be respon-
sible for the ferroic properties in PMN-xPT.

A fourth diffuse scattering component, C4, was also observed via 
neutrons and X-rays. It appears as extremely broad scattering that 
has a pseudo-octahedral shape centred at X points ½(2h +​ 1, 2k, 2l) 
as marked by the yellow circles in Fig. 2. The compositional depen-
dence is apparent from the broad humps centred at the X points in 
the cuts shown in, for example, Fig. 5j, and the compositional depen-
dence is displayed in Fig. 1g. C4 is modulated across Brillouin zones, 
with strong and weak octahedra forming a checkerboard pattern in 
reciprocal space. C4 exists for all compositions measured; it grows 
initially upon increasing x and is thus not directly correlated to the 
dielectric properties, electromechanical coupling or the long-range 
polar order. It is reminiscent of diffuse scattering in binary alloys 
due to atomic size mismatch, suggesting that differences between 
the average Pb–Mg, Pb–Nb and Pb–Ti nearest-neighbour distances 
produce this feature. A simple model that displaces Pb cations away 
from Nb5+ cations and towards both Mg2+ and Ti4+ cations replicates 
the observed pattern of diffuse octahedra of C4 (Supplementary  
Fig. 6 and description in Supplementary Information section V), 
indicating that Pb displacements are correlated to B-site neigh-
bours. C4 can lead to confusion when interpreting diffuse scattering 
within a single Brillouin zone.

Outlook. Four distinct types of diffuse scattering in PMN-xPT 
are now identified and correlated with the electromechani-
cal and dielectric properties. The ferroic diffuse scattering (C1) 
exhibits a structure that varies strongly between Brillouin zones 
and requires consideration of both cation and oxygen displace-
ments. Existing models of C1 must be re-evaluated, because it is 
now clear that reproducing the diffuse scattering in only one or 
two Brillouin zones, or by considering only one cation, is insuf-
ficient to judge the validity of a model. The correlation of C1 with 
electromechanical coupling may be understood as resulting from 
competing ferroic domain states near the MPB. This suggests that 
the search for Pb-free electromechanical materials should focus 
on materials that have such competing ferroic domain states. 
Attribution of relaxor behaviour and physics solely to the ferroic 
order that gives rise to C1 is inadequate. Our study suggests a pic-
ture of relaxors in which competition between local ferroelectric 
and antiferroelectric correlations leads to relaxational dielectric 
properties in Pb-based oxides owing to frustration. As chemical 
ordering and antiferroelectric correlations are reduced, relax-
ational properties dissipate; this mechanism should be explored 
in other relaxor systems.

Methods
Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41563-018-0112-7.
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Methods
PMN-xPT single crystals with nominal Ti concentrations x =​ 0, 20, 30, 35, 40, and 
50 and with masses of 0.651 g (0PT), 1.02 g (20PT), 0.725 g (30PT), 0.136 g (35PT), 
0.638 g (40PT), and 0.275 g (50PT) were tested for compositional stoichiometry 
via prompt gamma activation analysis on neutron guide NGD at the NIST Center 
for Neutron Research. Normalized to the number of moles of Pb, the measured Ti 
concentrations were x =​ 0, 21.7, 28.8, 33.0, 39.8 and 48.5.

Each crystal was measured on the neutron instrument Corelli50,51 at the 
Spallation Neutron Source at Oak Ridge National Laboratory at about 6 K. Corelli 
employs a broad band of neutron energies between 10 meV and 200 meV to 
perform time-of-flight Laue diffraction and uses cross-correlation to provide 
elastic discrimination. Neutron data for the different crystals were normalized 
by mass so that the intensities can be directly compared to one another. Neutron 
events were placed in bins of size 0.02 ×​ 0.02 ×​ 0.02 r.l.u. (where 1 r.l.u. =​ 2π​
/d =​ 1.56 Å−1) using Mantid software52,53 and were only symmetrized for Fig. 2.  
Fig. 2c, d, g and h were symmetrized using the full set of 48 cubic symmetry 
operations, while Fig. 2e and f were symmetrized by reflection across the h =​ k 
plane; Fig. 2a and b were not symmetrized.

X-ray diffuse scattering measurements were performed on samples taken 
from the same x =​ 0 and x =​ 30 crystals that were studied on Corelli. The crystals 
were etched in a heated diluted HCl acid bath to ensure clean surfaces. Data were 
taken at CHESS beamline A2 using an incident beam energy of 56.7 keV and a 
Dectris Pilatus 6 M detector with a 1-mm-thick Si detector. The data were collected 
at 100 K, with samples cooled by flowing N2 gas. During the measurements, the 
samples were continuously rotated in the beam at 1° per second over 370°, with 
images read out every 0.1 s. Three sets of rotation images were collected for each 
sample at each temperature to fill in gaps between the detector chips. The resulting 
images were stacked into a three-dimensional array, oriented using an automated 

peak search algorithm, and transformed in reciprocal space coordinates using  
the software package CCTW (Crystal Coordinate Transformation Workflow)54.  
A significant Compton scattering artifact in the Si detector was observed  
around strong Bragg reflections; pixels affected by this artefact have been  
removed from Fig. 3.

Data availability. The experimental data that support the findings of this study are 
available from the corresponding author upon request.
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