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of the temporal coordinate. Importantly, this 
enabled accurate and independent control 
of the speckle’s dimensions in the transverse 
plane and the rate of evolution along 
the z axis.

A weak laser beam propagating along the 
z direction then probed the optical structure. 
The authors were able to gradually vary the 
system disorder and thus observe first a 
transition to Anderson localization and then 
the emergence of a hyper-transport signature 
when disorder-related dynamics was added 
along the z axis.

This important work will pave the way to 
a broader investigation of hyper-transport 

across all wave systems containing disorder, 
and we believe the best is yet to come.� ❐
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Molecular magnets are exceptionally 
beautiful chemical structures, in 
which magnetic metal ions combine 

with matching ligands to form rings, chains, 
horseshoes, clusters or cages of spins. These 
magnetic units are potential building blocks 
of future devices for information storage 
and quantum information processing1 — for 
which the anisotropy terms are especially 
important. Writing in Nature Physics, 
Michael L. Baker and co-workers2 now report 
complete four-dimensional maps of the 
spin correlations in rings of eight magnetic 
chromium Cr3+ ions. This provides crucial 
input for the theoretical modelling of these 
systems, the chemical optimization of their 
properties and, more fundamentally, leads to 
a better understanding of magnetism at the 
atomic scale.

Intelligent chemical design allows direct 
control of the number of metal ions and 
their exchange Hamiltonian in molecular 
structures3,4. Recent synthetic efforts have 
produced new molecular magnets consisting, 
for example, of homo- or heterometallic rings 
with variable size, spin values, anisotropy 
and exchange interactions. These molecular 
magnets have been intensely investigated 
by a number of experimental techniques 
including neutron scattering. Nanoscale 
arrays of magnetic ions are also studied 
using magnetization measurements, 
optics and local probes such as scanning 
tunnelling microscopy (STM). Custom-made 
structures can be assembled by STM and 

their excitations studied by spectroscopy5,6. 
Whereas STM offers local control of the 
interaction geometry, other techniques 
permit direct measurements of the spin states 

in the time domain. However, with some of 
these techniques it is more challenging to 
determine complex exchange interactions and 
spin correlations.

Baker et al. use neutron time of flight 
(TOF) spectroscopy to determine the spin 
excitations in a single-crystal sample of the 
prototypical Cr8 antiferromagnetic ring. The 
energy levels of the ring were already known 
from previous high-resolution experiments 
on powder samples7,8, and now the full 
momentum and energy dependences of three 
characteristic excitations have been recorded; 
a weak splitting due to the anisotropy of the 
lowest level has also been observed.

Experimental neutron intensity maps, 
such as the one presented in Fig. 1, 
together with the Cr8 structure, were 
used to extract the Fourier components 
of the two-spin dynamical correlations, 
which were then compared with model 
calculations. Such exact calculations are 
possible for the molecular ring of just 
eight spins, whereas, due to the size of 
the Hilbert space, computations for much 
larger systems are limited by the amount 
of memory and computing power. The 
agreement between the experimental data 
and the model calculations is excellent 
for all energies and moment transfers. 
The experimentally determined Fourier 
components and linear response led to the 
conclusion that tunnelling of the Néel vector 
is not responsible for the low-temperature 
spin dynamics in such a Heisenberg-like 

MOLECULAR MAGNETS

Lord of the rings
Magnets built of molecular rings of magnetic ions are fundamental model systems for studying the complex 
correlations and dynamics of quantum spins at the atomic scale. A new generation of neutron spectrometers can 
reveal complete four-dimensional maps of the spin correlations in spin rings.

Christian Rüegg

Figure 1 | Schematic of the intensities measured 
by neutron TOF spectroscopy and the structure 
of the Cr8 molecular ring. The momentum 
dependence of the intensities determine the 
Fourier components of two-spin correlation 
functions. In the simplified structure model of the 
spin ring, the Cr3+ ions with a spin of 3/2 are red. 
Image courtesy of Michael L. Baker. 
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molecular ring, contrary to the case of larger, 
more anisotropic systems.

At least three important recent 
developments led to these exciting 
results. First, chemists are now able to 
grow large, high-quality single crystals 
of molecular magnets. Second, modern 
neutron TOF spectrometers — such as 
the IN5 spectrometer at the Institut Laue-
Langevin used by Baker and co-workers 
or the pioneering MAPS, MERLIN and 
LET spectrometers of the ISIS facility at 
the Rutherford Appleton Laboratory — 
now have the level of detector coverage, 
energy and momentum resolution, neutron 
flux and signal-to-noise ratio to provide 
unprecedentedly detailed information 
about spin correlations. Third, sophisticated 
software has been developed for managing 
and analysing complex, four-dimensional 
spectroscopy data. Large arrays of 

position-sensitive neutron TOF detectors, 
such as the one used by Baker et al., have 
already led to important breakthroughs 
in a number of fields including studies of 
superconductors, strongly correlated electron 
systems, and now molecular magnets.

The model molecular spin ring chosen by 
Baker and co-workers is well defined — that 
is, the Hamiltonian has been determined 
and all quantities can be calculated. The 
cross-section for neutron inelastic scattering 
is known exactly. Tremendous progress has 
been made in neutron TOF spectroscopy 
in the past decade. These points underlie 
the demonstration of the potential of 
the experimental approach used and its 
application to more general studies of 
molecular magnets. The study by Baker and 
co-workers is therefore a benchmark and an 
important step towards the understanding of 
the complex spin correlations in molecular 

magnets. Rings with an odd number of 
homo- or heterometallic spins or with 
frustration, Fe18 as a candidate for Néel-vector 
tunnelling, and entanglement control by a 
magnetic field are potentially exciting future 
directions of study.� ❐
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As was famously shown by Bell, if 
measurement outcomes are responses 
to some “real physical state” of the 

world, then those real states (whatever they 
are) must be non-local — a measurement 
in one place must change the real state at a 
remote location. If quantum states themselves 
are the real states, a contentious issue, then 
the non-locality is easily seen because even 
a measurement on a single particle can 
instantly change its wavefunction everywhere 
else in the universe. Bell demonstrated that 
non-locality must be a feature of any theory 
agreeing with the quantum predictions. 
Curiously, however, this non-locality does not 
let us send information instantaneously — it 
manifests itself only through correlations in 
the measurement data collected at two distant 
locations, and checking these correlations 
requires bringing this data together, at which 
point communication is easy. The inescapable 
probabilistic nature of measurements hides 
the instantaneous action of the underlying 
real states in just the right way to thwart 
attempts at instantaneous information 
transfer. Amazingly this is so even if we stay 
within non-relativistic quantum theory, 
which is not obligated to obey principles such 
as ‘no faster than light information transfer’ 

(no superluminal signalling) that we expect 
to be true from relativity theory.

As it takes a finite amount of time to 
perform a measurement, and synchronization 
is always imperfect, we can never be sure 
that the non-local effects really were 
discontinuous and instantaneous actions 
at a distance, rather than a physical effect 
propagated at a finite speed v that happens to 
be greater than the speed of light c. Writing 
in Nature Physics, Jean-Daniel Bancal and 
colleagues1 show that such explanations 
are not logically tenable if we assume that 
superluminal signalling is always impossible.

Imagine two parties, Alice and Bob, 
choosing between measurements for 
which quantum mechanics predicts non-
local statistics Pquant for the measurement 
outcomes. Suppose this non-locality is 
caused by influences that travel between 
the parties at some finite speed v > c. 
Normally measurements are not perfectly 
synchronized, and therefore influences have 
time to get from one party to another. But 
what if Alice and Bob can synchronize their 
measurements extremely well, so that the 
influences cannot make it in time? Then 
their statistics, Psync, would have to be local. 
As Pquant is non-local, clearly Psync ≠ Pquant, 

and the quantum prediction would be 
wrong in the synchronized regime. If we are 
willing to allow for this possibility, then we 
need to stir a new hypothesis into the pot: 
superluminal signalling is always impossible, 
even with the new very accurate timing 
used to obtain Psync. This new hypothesis 
links Psync to Pquant: they must have the same 
marginal statistics (that is, agree on what 
each party observes individually) because 
otherwise Alice could send a signal at speed 
v to Bob by deciding whether or not to 
synchronize her measurement with a pre-
agreed time for his. Have we cooked up a 
contradiction, thus ruling out non-signalling 
finite influences? Sadly not, because for any 
bipartite distribution Pquant, it isn’t hard to 
construct a local distribution Psync with the 
same marginals. But involving more parties 
allows more subtle ways to link Pquant and Psync 
and Bancal et al. provide a four party recipe 
for this elusive contradiction.

So there is a more fundamental reason 
why influences propagating at a finite speed 
cannot account for the non-locality of 
quantum theory: for any finite v they would 
allow for superluminal communication. 
Explaining non-locality in terms of causal 
changes at one location due to actions in a 

QUANTUM CAUSALITY

Information insights
Answers to fundamental questions about the nature of non-locality shed new light onto the spacetime structure 
and the role of causality in quantum theory, topics that have traditionally been studied within the quantum  
gravity community.
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