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IT HAPPENS OVER AND OVER AGAIN IN 

particle physics: Theorists predict the exis-

tence of a particle and then, sometime later, 

experimenters fi nd it. Neutrons, positrons, 

neutrinos, pions, W and Z bosons, and other 

subatomic denizens all existed on paper 

before researchers spotted them, and right 

now physicists at particle accelerators at 

Fermi lab in Illinois and CERN near Geneva, 

Switzerland, are hoping that the long-sought 

Higgs boson will follow suit.

But this well-trodden path is virtually 

unknown among those scientists who study 

condensed matter, the stuff of our everyday 

world. In most materials, defects, impurities, 

and other imperfections generate too much 

noise for researchers to spot the vanishingly 

small signals of ephemeral particles. Even so, 

one of the most fl eeting of all may be on the 

point of discovery, more than 70 years after it 

was fi rst proposed.

In recent years, theoretical physicists 

have suggested that a handful of exotic mate-

rials could give rise to this never-before-

seen type of particle, known as a Majorana 

fermion. Now experimental groups around 

the world are racing to spot it, using devices 

made in most cases with superconducting 

materials. And it looks as if some groups 

are closing in fast or may even have bagged 

Majoranas already.

“My bet is that if there is something to 

fi nd, we’ll see it within the next 5 years,” says 

David Goldhaber-Gordon, an experimen-

tal physicist at Stanford University in Palo 

Alto, California. Adds Michael Freedman, a 

mathematician turned theoretical physicist 

at Station Q, a collaborative research cen-

ter between Microsoft and the University 

of Cali fornia (UC), Santa Barbara: “This 

is the decade for Majorana fermions. I am 

extremely optimistic they will be found.”

If they exist, the novel particles are 

expected to display fundamentally new prop-

erties that could open a new window into 

the mysterious world of quantum mechan-

ics. Their behavior is also expected to make 

Majorana fermions ideally suited to be stable 

bits of information in a quantum computer, 

something that has eluded researchers for 

decades. “It’s the most exciting thing that has 

happened in fundamental physics in a long 

time,” says Leo Kouwenhoven, an experi-

mental physicist at Delft University of Tech-

nology in the Netherlands.

Mind-bending math
The notion of Majorana fermions arose as 

quantum mechanics took shape in the early 

20th century as a way to explain the seemingly 

contradictory behavior of elementary parti-

cles, which behaved both as particles and as 

waves. Researchers had shown that elemen-

tary particles have intrinsic properties called 

charge and spin. Charge is just the familiar 

electrical property that makes electrons nega-

tive, protons positive, and atoms neutral. Spin 

is a type of rotational momentum related to 

the magnetic behavior of charged particles. 

Physicists at the time also knew that elemen-

tary particles come in two families: bosons, 

such as photons, and fermions, such as elec-

trons, that have different groupings of spin.

In 1926, Austrian physicist Erwin 

Schrödinger came up with an equation that 

describes how quantum matter changes over 

time. Two years later, a young English physi-

cist named Paul Dirac tweaked Schrödinger’s 

equation to make it apply to fermions, such 

as electrons, that move at speeds near that 

of light. The expansion integrated quantum 

mechanics for the fi rst time with Einstein’s 

special theory of relativity.

Dirac’s new equations also implied the 

existence of antimatter, matching each funda-

mental particle with an antiparticle that would 

annihilate it if the two should ever meet. To 

their surprise, physicists realized that cer-

tain particles, including some photons, could 

serve as their own antiparticles and annihilate 

themselves. But fermions weren’t thought to 

be among them.

Then the story took a twist. In some cases, 

Dirac’s equations produced results involving 

imaginary numbers, which some physicists 

considered inelegant. That’s where a young, 

gifted Italian physicist named Ettore Majorana 

entered the picture. In 1937, Majorana modi-

fi ed Dirac’s equations in a way that banished 

imaginary numbers but had its own mind-

bending implications. Most importantly, it 

allowed for the existence of an entirely new 

class of fermions—the Majorana fermions—

that, unlike traditional fermions, would be 

their own antiparticles.

Closing in
Majorana never knew what became of his 

idea. A year after publishing his paper rework-

ing Dirac’s equation, he disappeared myste-

riously and was never heard from again. His 

own favorite candidate for possible Majorana 

particles, neutrinos, remains a tantalizing pos-

sibility today. Massive detectors, such as one 

deep in the Apennine Mountains of the Abru-

zzo region in Italy, have been running for 

years in the hope of spotting a so-called neu-

trino double-beta decay, which could clinch 

neutrinos’ Majorana status.

Now condensed-matter physicists are get-

ting in on the hunt and relishing the chance to 

discover new particles. “That would be pretty 

cool if we could out-CERN CERN,” says 

Charles Marcus, a condensed-matter physi-

cist at Harvard University.

It won’t be easy. Majorana fermions 

Search for Majorana Fermions 
Nearing Success at Last? 
Researchers think they are on the verge of discovering weird new particles that borrow 

a trick from superconductors and could give a big boost to quantum computers

NEWS

Majorana detectors? Those in use include tiny 
transistors (far left) and quantum interferometers.
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can’t exist just anywhere. To harbor them 

in all but a few esoteric cases, the material 

must allow the particles to behave as if they 

had no spin. It must also force electrons in 

the materials to pair up as they do in super-

conductors, in which the pairing allows the 

electrons to surf through the material with-

out electrical resistance. But whereas super-

conductors can “glue” electrons together in 

several different ways, Majoranas can use 

only one type: an attraction known as chi-

ral p-wave symmetry, which causes elec-

trons with the same spin to pair up. Finally, 

the electron pairs will hold together only if 

the material exists as either two-dimensional 

sheets or one-dimensional wires. 

All known fermions have spin, and only 

a handful of materials meet the other crite-

ria. So for decades the prospects for fi nding 

Majorana fermions in materials looked slim 

at best. “It was a very hard sounding prob-

lem,” says Jason Alicea, a theoretical physi-

cist at UC Irvine.

Help came from physicists who study 

how electrons behave in groups. Usually, 

electrons are like pedestrians on a New York 

City street, traveling every which way. But 

like a fl ash mob that breaks out into a coor-

dinated song and dance routine, groups of 

electrons can correlate their behavior due 

to simple interactions between the spins and 

charges of neighbors. Those interactions can 

give rise to emergent particles—also called 

quasiparticles—with characteristics very 

different from the simple, well-known prop-

erties of single electrons, notes Amir Yacoby, 

an experimental physicist at Harvard. “When 

you put many together, the collective behav-

ior is fundamentally different,” he says.

In some semiconductors, for example, 

electrons moving through strong magnetic 

fi elds can jointly create quasiparticles with a 

charge less than that of an electron—a phe-

nomenon physicists discovered in 1982 and 

called the fractional quantum Hall effect 

(FQHE). Initially, those fractional charges all 

had odd-numbered denominators, such as 1/3 

or 3/7. In 1987, however, researchers led by 

Robert Willett at Bell Laboratories in Murray 

Hill, New Jersey, discovered an FQHE quasi-

particle with a 5/2 charge in a semiconductor 

crystal of gallium arsenide. Four years later, a 

pair of theorists at Yale University suggested 

that this 5/2 quasiparticle could be a Majo-

rana fermion.

Condensed-matter physicists sensed a dis-

covery in the wings. And now a handful of 

groups appear to be close to nailing it down. 

Two years ago Willett, a physicist working 

with crystal growth experts Loren Pfeiffer and 

Ken West of Princeton University, reported 

measuring signals like those expected from 

Majorana fermions in the 5/2 FQHE state. 

They had built a tiny device known as an 

interferometer on a gallium arsenide chip tai-

lored to generate the 5/2 state. Interferometers 

measure the interference pattern of electro-

magnetic waves, often visualized as a set of 

light and dark stripes produced by interfering 

beams of photons. Willett’s team looked at the 

interference patterns produced by emergent 

particles in the 5/2 state.

Theory suggested that Majoranas should 

appear to have a charge 1/4 that of an electron 

(e/4): the value researchers see in electrical 

readings from chiral p-type super conductors. 

Also in theory, this e/4 signal should oscillate 

and should be interrupted by patches without 

any electrical activity at all. In a pair of papers 

published in 2009 and 2010, Willett and his 

colleagues reported that they had seen the 

oscillating e/4 signal. But in places where the 

bare patches should be, they saw instead an 

oscillating charge of e/2.

Freedman calls Willett’s work “beauti-

ful physics.” But he and others say the data 

remain noisy. “Bob is shaking the right tree,” 

Marcus says. “Something fell out of the tree. 

But is it an apple?” More results are needed, 

Marcus says.

Yacoby agrees. He, too, has teamed up 

with Pfeiffer and West and also appears to be 

closing in on Majoranas in the 5/2 state. Using 

a layered gallium arsenide chip but a differ-

ent monitoring method, the group reported 

in Nature earlier this year that they had also 

spotted an e/4 signature. That’s promising, 

but more evidence is needed, Yacoby says: e/4 

charge alone is “necessary but not suffi cient” 

to prove the existence of the 5/2 state and the 

presence of Majorana fermions.

Hot pursuit
The search for Majorana particles is heating 

up in other solid-state systems as well. In 

2008, theorists Liang Fu and Charles Kane 

of the University of Pennsylvania argued 

that depositing a widely available type of 

superconductor known as an s-wave super-

conductor atop a novel material known as 

a topological insulator would be a simpler 

way to make them appear.

Topological insulators conduct electric-

ity only on their surfaces but act as insulators 

throughout their bulk; shaped into two-dimen-

sional sheets, they conduct only at their edges. 

Fu and Kane’s calculations suggested that the 

interactions between the two materials would 

force quasiparticles to form with p-wave glue 

and behave as if they had no spin—the exact 

recipe needed to make Majoranas. “That idea 

jump-started the fi eld,” says Marcel Franz, a 

theoretical physicist at the University of Brit-

ish Columbia, Vancouver, in Canada.

Sankar Das Sarma, a theorist at the Uni-

versity of Maryland, College Park, and oth-

ers ran with Fu and Kane’s ideas. They soon 

discovered that topological insulators aren’t 

necessary; a particular type of semiconduct-

ing nanowire placed atop an s-wave super-

conductor would work just as well. The key 

feature needed in the nanowires was a prop-

erty known as high spin-orbit coupling, in 

which an electron’s orbital motion as it circles 

an atomic nucleus is strongly linked to its spin.

As fortune would have it, Kouwenhoven’s 

lab at Delft had experimented with exactly 

that setup. The group members were experts 

at making pristine nanowires from a semi-

conductor alloy called indium arsenide (InAs), 

whose ability to create near-perfect electri-

cal contacts with certain metals makes it an 

excellent test bed for studying how electrical 

charges move between different materials.

In 2005, Kouwenhoven’s postdoc 

Silvano De Franceschi had placed an InAs 

nanowire on top of a superconductor and 

measured how currents flowed through 

the two materials. The results fell in line 

with what was expected, so the research-

ers published their results and moved on. 

“We thought that was the end of the work,” 

Kouwenhoven says.

Das Sarma’s paper, along with another 

by a team led by Yuval Oreg of the Weiz-

mann Institute in Rehovot, Israel, made 

Majorana Interferometer 
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Quantum detour. Electrodes (A) and sides (B) 
steer particles around a semiconductor chip. 
Occasionally, particles hop from the most com-
mon path (yellow) into others (blue, purple) or 
even a superposition of both paths, creating a 
telltale interference pattern.
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them look again. Because InAs has strong 

spin-orbit coupling, Kouwenhoven realized, 

the new work suggested that a setup like 

De Franceschi’s ought to be a fruitful hunting 

ground for Majorana fermions. “It put us at 

the center of attention,” Kouwenhoven says.

Kouwenhoven’s team raced to recreate its 

earlier nanowire experiments and carefully 

added a strong magnetic fi eld. Too high a fi eld 

would destroy a material’s ability to super-

conduct. But one just below that 

level, according to Fu and Kane’s 

theory, should produce Majorana 

fermions at the ends of the wires.

If the exotic quasiparticles are 

there, theory suggests physicists 

should be able to detect them by 

measuring (with, say, the metal 

tip of a scanning tunneling micro-

scope) how readily they conduct 

electrons. Normal particles have a 

small electrical resistance, whereas 

Majoranas should have none. Phys-

icists should also see unique elec-

tronic signatures when Majorana 

fermions are created in the heart of 

so-called superconducting quantum 

interference devices.

Kouwenhoven says he and his 

group are looking for such signa-

tures. They haven’t spotted them yet in InAs 

and are now testing nano wires with higher 

spin-orbit coupling, eager for the right mix 

of properties. “We hope to hit a sweet spot,” 

Kouwenhoven says.

A Majorana computer?
They aren’t alone. Alicea, Franz, and others 

who are plugged into the fi eld say proposals 

from other academic groups are pouring in 

to spot Majorana fermions in nanowire set-

ups and a handful of other promising solid-

state systems. If any of the techniques suc-

ceed, researchers will gain the ability to play 

with particles with quantum behavior unlike 

anything else ever seen.

Most notably, Majorana fermions are 

expected to break new ground in an area 

called quantum-mechanical exchange statis-

tics. The phrase describes how the quantum 

state of two identical particles changes as the 

particles change places. All known bosons 

and fermions behave in a way that, in effect, 

erases the history of the motions; Majorana 

particles, by contrast, will leave tracks.

To visualize how this works for bosons, 

Marcus says, imagine holding two pegs, 

each with a string dangling from it (see fi g-

ure, top of page). Move the two pegs around 

each other to trade places and the strings 

follow. Swap them again and the pegs and 

strings end up back where they started, leav-

ing no clue as to their earlier path. Things are 

slightly more complex with standard fermi-

ons, but after two exchanges they return to 

their original state as well.

Not so with Majorana fermions. In their 

case, it’s as if each string starts out taped to 

the fl oor below its peg. If you move the two 

pegs past each other in the same direction, 

the strings will wind around each other—and 

anyone who examines them can tell whether 

the pegs went clockwise or counterclock-

wise. Similarly, when Majoranas move, they 

change their quantum state in a manner that 

refl ects the path they’ve taken. The result, 

researchers say, could be an entirely new 

way of studying the subtleties of quantum 

mechanics. “This is a really big fi sh out there 

waiting for us to fi nd it,” Alicea says.

It may have practical applications, too. 

Several years ago, Freedman and his col-

leagues reasoned that such unique exchange 

behavior could be used to encode informa-

tion. In that case, Majorana fermions could 

serve as quantum bits of data, or qubits, in a 

quantum computer. Qubits are quantum ana-

logs to the binary 0s and 1s in your standard 

desktop, laptop, or cell phone. Unlike con-

ventional bits, qubits store information not as 

either a 0 or a 1, but as a superposition of both 

0 and 1. As a result, a quantum com-

puter containing only a few hundred 

qubits can carry out certain kinds of 

calculations faster than the most pow-

erful supercomputers.

Real-world qubits, however, are 

extremely delicate. The slightest 

hint of heat or other perturbation can 

destroy the superposition, rendering 

them useless. That fragility has made 

complex quantum computers diffi-

cult to create. The braided Majorana 

particles, by contrast, are expected to 

shrug off such environmental wiggles. 

“In theory, they should be more robust 

qubits,” Franz says.

Freedman, Alicea, and others have 

designed systems of nanowires and 

other devices to manipulate Majorana 

fermions and encode information. But 

few physicists expect to see working models 

anytime soon. That’s just fi ne with Marcus, 

who says he looks forward to the challenge. 

The hunt for Majorana fermions “is not a Holy 

Grail problem, where once you get it there’s 

nothing left to do,” he says. Researchers who 

discover them will still face the arduous task 

of learning to control them well enough to 

build a quantum computer. “I’ll see you in 

20 years when we get all this to work,” 

Marcus says. 

–ROBERT F. SERVICE
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A Novel Quantum-Mechanical Behavior

Bosons

Fermions

Majorana
fermions

1 2 3

Wired for discovery. Superconducting electrodes atop an indium 
arsenide wire may create Majorana fermions at each end.

Keeping track. When two bosons trade places, there is no change in their quantum mechanical state. Nor-
mal fermions change the sign of their mathematical “wavefunction” from positive to negative (red) with 
each switch, returning to their original state after two switches. Majorana fermions “remember” their path.
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