
Emergent phenomena

When atoms or molecules assemble to 

form bulk matter, new properties (such as 

conductivity and ferromagnetism) that 

didn't exist in the constituent parts can 

emerge from the whole. Similarly, stacking 

atomically thin layers into nanostructures 

(heterostructures) can give rise to a rich 

variety of emergent phases not found in 

bulk materials.

Materials that exhibit emergent 

phenomena ("quantum materials") often 

feature multiple phases with simulta-

neous phase transitions. A great deal of 

effort is currently being expended to 

disentangle such transitions, to discover 

what drives them and to ultimately 

harness them in new materials with 

desired functionalities. Most of these 

efforts have relied on external perturba-

tions (light, pressure, etc.) to decouple the 

transitions. In this work, researchers 

found a way to do this intrinsically, 

through layer-by-layer design of stacking 

sequences with mismatched periodicities.

An archetype of complexity

Rare-earth (RE) nickelates (RENiO
3
) 

are prototypical hosts of intertwined 

phase transitions. They include a 

metal-to-insulator transition (MIT) and 

transitions involving antiferromagnetic 

order and charge order. Charge ordering 

occurs when a pattern is formed (e.g. 

stripes or checkerboard) by nickel ions 

with different oxidation states (differences 

in the number of local electrons).

Earlier work on the origins of the MIT 

in such materials had given conflicting 

results. In this work, researchers 

attempted to clarify the picture by engi-

neering materials to selectively supress 

the charge-ordering transition. They 

combined two different RENiO
3
 thin-film 
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(a) Rare-earth (RE) nickelates (RENiO
3
) host multiple types of entangled orderings. This illustration depicts a magnetic ordering (spin directions indicated 

by yellow arrows) and a charge ordering (a checkerboard of two nickel oxidation states, indicated by sphere size and color) in bulk RENiO
3
 (RE and O atoms 

omitted for clarity). (b) To selectively suppress the charge-ordering transition, two different RENiO
3
 materials—EuNiO

3
 (ENO) and LaNiO

3
 (LNO)—were 

combined. The structure on the left, with one ENO layer per LNO layer, supports charge ordering, while the structure on the right, with two ENO layers 

per LNO layer, does not.



materials—EuNiO
3
 (ENO) and LaNiO

3
 

(LNO)—in such a way that the periodicity 

of the designed structure did not match 

the periodicity required for stabilizing the 

charge ordering—a difficult technical chal-

lenge requiring subsequent laboratory 

and synchrotron-based characterization 

to demonstrate that the proper RE-site 

ordering was achieved with minimal 

intermixing.

Resonant soft x-ray 
diffraction at the ALS

The specific nature of the magnetic 

ordering and the corresponding transition 

temperature were revealed by resonant soft 

x-ray diffraction (RSXD) experiments at ALS 

Beamline 4.0.2. RSXD probes the periodic 

order of electronic and magnetic states in a 

material by diffracting x-rays into patterns 

characteristic of the electronic order.

The Beamline 4.0.2 scattering endsta-

tion is uniquely optimized for RSXS experi-

ments on correlated oxides covering a 

wide range of scattering geometries and 

sample temperatures. Moreover, the 

beamline provides circular as well as vari-

able linear polarization in the important 

transition-metal L
3,2

 edges as well as the 

oxygen K edge, allowing the team to disen-

tangle multiple order parameters.

The ALS experiments showed that, in 

the heterostructure with mismatched 

periods, separation between the magnet-

ic-ordering transition temperature and the 

metal-to-insulator transition temperature 

was achieved. In addition, experiments 

performed at the Advanced Photon Source 

revealed that the charge ordering was 

indeed suppressed in the mismatched 

sample. Taken together, the results empha-

size that neither magnetic ordering nor 

charge ordering are necessary for the 

metal-to-insulator transition, pointing to one 

particular mechanism (known as the site-se-

lective Mott transition) as being operative.

The researchers expect that this ability 

to effectively decouple simultaneous 

ordering phenomena in quantum materials 

with a simple stacking recipe will spur 

more discoveries on the nature of entan-

gled orderings and could, in the long term, 

lead to unique functionalites and emergent 

physics not seen in bulk systems.
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Top: Temperature dependence of resistivity in 

the mismatched heterostructure. Bottom: 

Temperature dependence of RSXD peak inten-

sity corresponding to magnetic ordering. There 

is a finite separation between the metal-to-in-

sulator transition temperature (TMIT) and the 

magnetic transition (Néel) temperature (TN).


