
J O N A T H A N  S I M O N

A magnetic field produces a force on a 
charged particle that is perpendicu-
lar to both the field and the particle’s 

velocity. This force, called the Lorentz force, 
induces circular orbits, the chirality (handed-
ness) of which breaks time-reversal symme-
try, giving rise to unusual particle-transport 
phenomena such as ‘edge states’ protected by 
topological properties and the related quan-
tum Hall effect (Fig. 1a). In two papers pub-
lished in this issue of Nature, researchers have 
experimentally demonstrated that the quan-
tum Hall effect can persist in the absence of 
a magnetic field (Jotzu et al.1, page 237), and 
have developed a new method to quantify 
topological protection in arbitrary dynamical 
systems (Roushan et al.2, page 241).

In 1988, the physicist F. Duncan Haldane  
introduced a model that exhibited the  
quantum Hall effect without a net magnetic 
field, instead using a field that alternated 
within each unit cell of a honeycomb lattice3. 
Although his model has never been observed 

in the laboratory, it forced researchers to ask 
what ingredients are absolutely necessary for 
the quantum Hall effect and how they could 
predict whether its signatures will be present in 
a particular material. At its heart, the quantum 
Hall effect is a voltage induced across a piece of 
material (the ‘Hall bar’) when a current flows 
along the material; the voltage is proportional 
to small magnetic fields, and quantized to 
discrete values for large magnetic fields. That  
such a quantized voltage could persist in 
the absence of a magnetic field was quite 
un expected. We now understand that the key 
ingredient is not a magnetic field, but rather 
Berry curvature4, a mathematical entity that 
smoothly connects quantum states of different 
momenta and acts like a generalized magnetic 
field. These deep ideas are at last connected to 
experimental reality: Jotzu et al. implemented 
and studied Haldane’s model using cold 
atoms (Fig. 1b), whereas Roushan et al. used a 
superconducting circuit to measure the Berry  
curvature in systems of one and two quantum 
bits (qubits; Fig. 1c).

The first step to realizing Haldane’s model is 

creating a honeycomb lattice, which Jotzu and 
colleagues previously demonstrated for potas-
sium atoms trapped by laser beams5. Their new 
breakthrough is a synthetic magnetic field for 
the atoms, which, being charge neutral, do 
not experience a Lorentz force from an actual 
magnetic field. The key is to generate a large 
synthetic magnetic flux, which is the number 
of field lines piercing an area. Although small 
amounts of flux had previously been gener-
ated6, the large flux necessary for Haldane’s 
model had not. Jotzu et al. show that circular 
shaking of individual sites of a honeycomb 
lattice results in potassium atoms hopping to 
non-adjacent lattice sites (Fig. 1b) in a way that 
is equivalent to a large, alternating flux. The 
idea of generating chiral motion of quantum 
particles by shaking is a modern develop-
ment7,8, and, before Jotzu and colleagues’ work, 
had been definitively observed only in bismuth 
selenide (Bi2Se3) samples subjected to short-
duration laser pulses9.

Jotzu et al. measured the presence of their 
synthetic magnetic flux by accelerating the 
potassium atoms and searching for a force  
perpendicular to their motion, akin to the 
Lorentz force for electrons in magnetic fields. 
They observed this perpendicular force as 
motion of the atoms perpendicular to their 
velocities. Crucially, they found that the 
direction of the force changed depending on 
the direction of atomic velocity, indicating a 
time-reversal-breaking force, because a time-
reversal-symmetric force would be in the same 
direction regardless of the particle’s velocity. 
Finally, the authors mapped out the sensi-
tivity of Haldane’s model to disorder in the 
lattice-site energies, demonstrating that such 
perpendicular motion persists only when the 

C O N D E N S E D - M AT T E R  P H Y S I C S

Magnetic fields without 
magnetic fields
Exquisite control of quantum systems has allowed researchers to connect reality 
to ideas of how an exotic form of particle transport known as the quantum Hall 
effect can occur in the absence of a magnetic field. See Letters p.237 & p.241

Figure 1 | Chiral dynamics. a, A charged particle in a magnetic field oriented 
perpendicularly to the page undergoes circular orbits (red) of specific chirality 
in the bulk of a two-dimensional material. If it encounters an edge, it moves 
in a skipping orbit along that edge (blue). b, In Haldane’s model, which Jotzu 
et al.1 implemented, a particle moves in a honeycomb lattice (black sites) with 
non-adjacent neighbour particle tunnelling (magenta and purple; adjacent 
tunnelling shown in grey) arranged to produce a magnetic field that alternates 
within each unit cell. In spite of the absence of any net field within a unit cell, 
a chiral edge channel of particle motion (blue) such as the one in a persists. 

c, Roushan et al.2 studied the chiral dynamics of a quantum bit (qubit), the state 
of which (grey dots) can be visualized on the surface of a sphere, where the top of 
the sphere is state ‘0’ and the bottom is state ‘1’; quantum superposition states of 
‘0’ and ‘1’ states reside in between, with the azimuthal angle determined by the 
phase of the superposition state, and the polar angle determined by the relative 
contributions of states 1 and 0 (green lines). The authors prepared the qubit in a 
particular state and manipulated it in such a way that the state began to wobble 
(blue). The form and magnitude of the wobbling allowed them to extract the 
Berry curvature, a quantity that characterizes the system’s chiral dynamics.
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shaking produces enough flux to overcome the 
disorder imposed for testing purposes.

Meanwhile, Roushan et al. demonstrated a 
technique for measuring Berry curvature in 
arbitrary quantum systems, generalizing the 
perpendicular-motion signature used by Jotzu 
and co-workers: for slow variations of physi-
cal parameters such as momenta or magnetic 
fields, a quantum system can remain in its 
ground state up to a Lorentz-force-like correc-
tion to its wavefunction that is proportional to 
both the rate of change of parameters and the 
Berry curvature. Imagine transporting a brim-
ming bowl of soup: move it slowly and it will 
not spill, but sudden movements make a mess. 
Now, if stumbling forward made the soup spill 
to the right, the apparent force that the soup 
experienced could be understood in terms of 
Berry curvature. By tuning the parameters of 
their quantum systems and measuring devia-
tions of the quantum state from the ground 
state, Roushan et al. extracted the Berry cur-
vature at each point in the mathematical space 
formed by the parameters of the system10.

They first implemented the simplest possi-
ble quantum system — a single qubit with an 
adjustable energy difference between its two 
states, along with a tunable microwave field 
driving the qubit from one state to the other. 
Formally, this system is equivalent to a particle 
of known momentum in a honeycomb lattice, 
where the qubit state reflects the probability of 
the particle being on each lattice site within a 
unit cell. By varying the energy difference and 
the microwave field, Roushan et al. dragged  
the qubit through momentum space and 
watched for deviations, not in position as 
in Jotzu and colleagues’ study, but in qubit 
state. Exquisite control of the system let them 
precisely measure the quantum state at any 
instant, and determine the Berry curvature.

But Roushan and colleagues went a step 
further: they studied a system of two interact-
ing qubits and mapped out its Berry curva-
ture. This is a stimulating and wonderful idea 
because the two-qubit system is not analogous 
to particles on a lattice, but the Berry curva-
ture remains well defined and non-zero. We 
must then reconsider what the Berry curvature 
means — it is not just about particles moving 
in circular orbits, but more subtly quantifies 
global topological properties of arbitrary 
quantum systems that are insensitive to local 
disorder. Roushan and co-workers’ technique 
is potentially scalable to systems containing 
many qubits, suggesting that quantum mag-
nets and even quantum computers could be 
understood in terms of Berry curvature and 
topological properties. Nonetheless, the num-
ber of measurements required to scale up is 
daunting, and the connection between Berry 
curvature and dynamics in the high-dimen-
sional parameter spaces associated with such 
systems remains an active field of research.

Meanwhile, Jotzu and colleagues’ work is a 
crucial step towards cold-atom realizations of 

exotic phenomena such as fractional quantum 
Hall phases and fractional Chern insulators. 
These are both ordered arrangements of elec-
trons in which imperfections in the ordering, 
known as anyons, behave as particles with a 
bizarre property — they remember their past 
locations and can be braided around one 
another, becoming entangled like shoelaces. 
These anyons would be fascinating to observe 
in their own right, and could be a powerful 
paradigm for quantum computing.

All that remains for Jotzu and co-workers is 
to add interactions between their potassium 
atoms and to harness the extraordinary con-
trol of the cold-atom toolbox to search for these 
phenomena. Nonetheless, these phenomena 
exist near the ground state of ultracold atoms 
interacting with one another in the presence of 
a magnetic field, and reaching that ground state 
requires cooling to one-billionth of a degree 
above absolute zero, something we do not know 
how to do for general quantum systems. The 

next challenge is thus to find a way to smoothly 
convert the lowest-temperature state of matter 
yet created, the Bose–Einstein condensate, into 
a fractional quantum Hall phase, or to make a 
state-of-the art refrigerant11. ■
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Mystery of the  
horrible hands solved 
A pair of newly discovered 70-million-year-old fossils from Mongolia — 
including material previously lost to poaching — reveals the true nature of one of 
the most enigmatic dinosaur species, Deinocheirus mirificus. See Letter p.257 

T H O M A S  R .  H O L T Z  J R

Although some species of fossil vertebrate  
are known from hundreds or even 
thousands of individual skeletons, 

most are known from the incomplete remains 
of a single individual, making it difficult to 
infer the organism’s anatomy, ecology and 
evolutionary origins. This is especially trou-
bling when the fragmentary remains point to 
animals of unusual appearance. Thankfully, 
continued fieldwork can lead to the discov-
ery of additional remains and help to fill the 
gaps in our knowledge. Such is the case for 
Deinocheirus mirificus, a dinosaur found in 
the Nemegt Formation in Mongolia, which 
dates to around 70 million years ago, during 
the Late Cretaceous period. Deinocheirus was 
known only from a gigantic pair of arms and a 
few isolated bones — until now. On page 257 of 
this issue, Lee et al.1 describe two new skeletons 
of Deinocheirus, which add together to give us 
a nearly complete anatomy of this previously 
mysterious animal.

In July 1965, Zofia Kielan-Jaworowska of the 
Polish–Mongolian Palaeontological Expedi-
tion discovered the first Deinocheirus remains. 
All that was found were nearly complete 

shoulder girdles and forelimbs (the latter an 
astounding 2.4 metres long, the record-holder 
for the longest-known arms of a bipedal ani-
mal), and a few ribs and vertebrae. These 
clearly showed the diagnostic traits of a thero-
pod — the group of mostly carnivorous dino-
saurs that includes Allosaurus, Tyrannosaurus 
and Velociraptor, and also, through descent, 
modern birds. Despite their incompleteness, 
the remains were sufficiently distinct in size 
and morphology from other known thero-
pods to allow Kielan-Jaworowska’s colleagues  
Halska Osmólska and Ewa Roniewicz to pro-
pose2 that they belonged to a new genus and 
species, Deinocheirus mirificus, or ‘unusual 
horrible hand’. 

The lack of a complete skeleton meant that 
palaeontologists were uncertain as to the 
place of Deinocheirus in the theropod fam-
ily tree. Although Osmólska and Roniewicz 
observed some similarities with the smaller and  
superficially ostrich-like ornithomimosaurs 
(a group of omnivorous beaked theropods), 
they remained uncommitted as to a particu-
lar affinity with any of the then-known groups 
of dinosaurs. Some early reconstructions for 
popular audiences portrayed the dinosaur as 
a generalized Allosaurus-like carnivore with 
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