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RELAXOR FERROELECTRICS

Seeing the forest and the trees
A paradigm relating ultrahigh piezoelectricity and multiscale inhomogeneous structure in relaxor ferroelectrics 
emerges from state-of-the-art neutron and X-ray diffuse scattering measurements.

Hiroyuki Takenaka, Ilya Grinberg and Andrew M. Rappe

The study of condensed-phase matter 
is fruitfully divided into examinations 
of ordered (crystals, heterostructures) 

and disordered (amorphous materials, 
liquids) systems. Remarkably, relaxor 
ferroelectrics span these classifications 
and derive their outstanding piezoelectric 
properties from this combination of features. 
Piezoelectricity is a macroscopic physical 
phenomenon wherein an applied electric 
field induces a linear strain response in 
materials and vice versa. Piezoelectric 
materials enable many applications, such as 
sonar, medical ultrasound and electrically 
switchable spintronic transducers1. While 
early research focused on pure compounds 
such as quartz, the best piezoelectrics are 
single crystals with strong site disorder due 
to alloying. In addition, these materials 
exhibit emergent order(s) on larger length 
scales that has defied exact characterization. 
Now, writing in Nature Materials, Matthew 
Krogstad and co-workers2 report their 
unprecedentedly comprehensive and 
detailed neutron diffuse scattering (DS), as 
well as X-ray DS studies, of the prototypical 
(1 – x)Pb(Mg1/3Nb2/3)O3–xPbTiO3 
(PMN–PT) relaxor ferroelectrics, the key 
compounds of the current generation of 
piezoelectrics. The most exciting discovery 
is the direct relation of their microscopic 
structural interpretations to the piezoelectric 
properties through the DS signals.

PMN-PT relaxor ferroelectrics,  
binary perovskite ABO3 crystals, have 
received special attention due to their 
extraordinary properties. PMN was the 
first relaxor ferroelectric, discovered in 
the late 1950s3. The term ‘relaxor’ refers 
to its dielectric maximum over a broad 
temperature range, rather than a sharp 
Curie–Weiss divergence, and its frequency-
dependent dielectric response. This suggests 
that the polar to nonpolar phase transition3 
occurs gradually, similar to the melting of 
wax. In addition, alloying of PMN with PT 
to form PMN–0.33PT provides the highest 
electromechanical coupling and large 
reversible strains. The prevailing hypothesis 
has been that site disorder (Mg2+, Ti4+, Nb5+)  
affects polar character, leading to both 
relaxor and piezoelectric observations.

Despite six decades of investigations, 
the atomic and nanoscale origins of the 
relaxor properties and their connections 
to piezoelectricity have not been 
comprehensively revealed. Glassy4, liquid5,6 
or spin-glass7 models have been applied 
due to similarity of certain features, but 
these have not proved sufficient. The study 
of relaxors is reminiscent of the old legend 
about seven blind men and an elephant, 
with different features appearing to be of 
predominant importance depending on 
the method used8. The same nanoscale 
complexity that makes relaxors such  

high-performance materials also makes 
it difficult to elucidate their physics using 
conventional tools that work well for simpler 
systems. Even with a given technique, a 
limited scope of measurements can miss 
crucial effects and lead to incomplete or 
even wrong conclusions.

Krogstad et al. address the challenge 
of imaging the relaxor ‘elephant’ head on 
through a set of comprehensive neutron 
and X-ray scattering measurements. 
Scattering analysis yields sharp Bragg 
spots for perfectly ordered crystals. For 
complex materials, careful analysis of 
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Fig. 1 | A variety of competing ion motions on different length scales, as obtained from diffuse 
scattering data, rationalize the piezoelectric and dielectric response of (1 – x)Pb(Mg1/3Nb2/3)O3– 
xPbtiO3. a,b, The symmetric and asymmetric butterfly shapes observed with X-ray (a) and neutron (b) 
scatterings. c,d, Neutron DS spots collected for pure Pb(Mg1/3Nb2/3)O3 (c) and 0.7Pb(Mg1/3Nb2/3)O3– 
0.3PbTiO3 (d), illustrating the depth and breadth of the study; many DS spots are collected, yet each  
is of such high resolution that composition and Brillouin-zone trends can be exquisitely discerned.  
e, Composition-temperature phase diagram of (1 – x)Pb(Mg1/3Nb2/3)O3–xPbTiO3. f, Electromechanical 
coupling d33 rises as PbTiO3 is added. g, Correlation of diffuse scattering (intensity of red circles in  
c and d) around 〈 n00〉  (integer n) with d33 (trend C1; red arrows in f and g). h,i, In contrast, the frequency 
dispersion of the dielectric response decreases (h) and (integer n and m) diffuse scattering (blue circles 
in c and d) around 1/2〈 nm0〉  decays right along with frequency dispersion (i; trend C2; blue arrows in  
h and i). Knowing which nanoscale distortion patterns enhance properties is a powerful signpost for 
future materials design. Adapted from ref. 2, Macmillan Publishers Ltd.
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elastic and inelastic DS can reveal static 
and dynamical structure on all length 
scales. The key characteristic of this study 
is its completeness: examining the full 
compositional range x =  0… 0.5 and the 
precise correlation of neutron DS to the 
properties. The authors identify four DS 
trends (denoted C1–C4), and these threads 
are woven into a convincing narrative.

The most well-known X-ray DS 
signatures of relaxors are symmetric 
butterfly shapes (C1) around the ⟨ ⟩n00  
Bragg peaks, where n is integer (Fig. 1a). 
Previous neutron scattering studies of 
PMN–PT usually focused on a small DS 
slice due to technical limitations. Krogstad 
et al. unveil asymmetric butterfly shapes 
(Fig. 1b) around the Brillouin zone centres 
for n >  1, measuring a large 3D volume of 
the neutron DS (Fig. 1c,d), and spanning 
the entire compositional phase diagram of 
PMN–PT (Fig. 1e). Since oxygen atoms are 
light, with little X-ray scattering but high 
neutron cross-section, this juxtaposition 
(Fig. 1a,b) illuminates the underappreciated 
key role of oxygen atoms for piezoelectricity. 
Although previously associated with relaxor 
behaviour, the C1 butterfly intensity versus 
PT concentration tracks closely with 
piezoelectric response as measured by the 
d33 and is strongest where relaxor dielectric 
response is weakest (Fig. 1f–h). These data 
compel a new view that the C1 butterfly 
reflects non-relaxor distortions related to 
piezoelectricity.

The newly perceived and previously 
unpredicted local structure features  
are due to fundamental differences in 

atomic-species-dependent strengths of 
neutron and X-ray scattering intensities. 
X-ray scattering faintly captures oxygen 
structural information compared to 
lead atoms. Krogstad et al. find that the 
asymmetric DS and the piezoelectric 
response originate (at least in part) from 
oxygen displacements that have never been 
taken into consideration. On the other hand, 
the relaxational behaviour is related to the 
competition of local ferroic order and anti-
ferroelectric correlations (trend C2; Fig. 1h,i).

This deeper understanding of the 
relationships of relaxor and piezoelectric 
response offers fruitful directions for 
future research. PMN–PT is the prototype 
for families of materials with enhanced 
piezoelectric performance, such as PMN–
PIN–PT (where PIN =  Pb(In1/2Nb1/2)O3). 
The accomplishments here suggest that 
more complex alloys can be attacked with 
similar tools, perhaps yielding additional 
insights. In addition, operando studies would 
pose experimental challenges but would be 
extremely valuable — examining the DS 
under applied electric field and/or mechanical 
stress could lead to a more comprehensive 
understanding of the operation of relaxor 
ferroelectric piezoelectrics. Finally, the 
present study paves the way for future 
materials design and discovery, guiding 
understanding of changes in properties 
as additional chemical components are 
considered, including lead-free relaxors.

Krogstad et al. shed light on one of the 
most interesting problems in relaxor studies, 
namely the relationship between relaxational 
behaviour and piezoelectric performance. 

These results provide a new benchmark 
for theoretical and computational studies 
of relaxors and enable further elucidation 
of relationships between composition, 
structure and properties in these materials. 
More fundamentally, this research is another 
example of how the study of complex 
nanoscale order/disorder systems requires 
and benefits from techniques that consider 
the full complexity of the system, with this 
success opening the door for the application 
of this powerful diffuse scattering method to 
a wide variety of other glassy materials with 
multiple length scales. ❐
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TWO-DIMENSIONAL MATERIALS

More than electrons
Angle-resolved photoemission spectroscopy of MoS2 doped with Rb atoms unveiled the existence of polarons, 
whose presence seems to coincide with the onset of superconductivity.

Kai Rossnagel

In one of the more remarkable Cinderella 
stories of recent materials physics, MoS2, a 
representative of the family of transition-

metal dichalcogenides, has undergone a 
transformation from lubricant with useful 
mechanical properties to quantum material 
exhibiting exciting electronic phenomena 
as well as potentially useful electronic 
functionality. Most intriguingly, when the 
MoS2 surface is electrostatically doped with 
electrons it becomes a superconductor 
displaying not only the highest 

superconducting transition temperature of the 
family1 (around 12 K) but also a remarkable 
robustness to layer-parallel magnetic fields2. 
Toward applications, ultrathin MoS2 samples 
down to single-layer thickness are routinely 
fabricated into field-effect transistors3, 
while single-layer MoS2 continues to be 
the prototype material for a novel form of 
electronics, ‘valleytronics’, in which electrons 
are stored and manipulated in inequivalent 
minima in the conduction band4. Now, 
reporting in Nature Materials, Mingu Kang 

and colleagues5 provide direct spectroscopic 
evidence that the charge carriers in doped 
MoS2 layers are not simple, bare quasi-
free electrons, but so-called polarons — 
that is, heavy composite ‘quasiparticles’ 
consisting of an electron dragging with it 
a local deformation of the crystal lattice 
(Fig. 1a). This finding sheds new light on 
the mechanisms of superconductivity and 
electrical conduction in MoS2.

Pristine MoS2 is a semiconductor; in 
its band structure (electron energy versus 
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