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This is not about cooking. 

It is not about Physics either, not even about just 
Quantum Physics. This is about the latest develop-
ments in Condensed Matter Physics, which will even-
tually lead to technologies, where single elementary 
particles, like an electron, will run, say, your mobile 
phone.  

Let us taste what they are, these single electrons, the 
hope of our quantum-information future. 

They are different from what we are familiar with, but 
they are sweet.

So, welcome to our restaurant! 

Here I brought together a few short comments that 
explain in a plain language the meaning of some of 
my works. If you will like it, I will cook more. 

i

What is it about?



Figaro here, Figaro there

When  Pierre Beaumarchais in the late eighteenth 

century  invented his famous character Figaro, who 
seems to be in many places simultaneously,   he, per-
haps, did not suspect  how deep he  penetrated  into 
the essence of our world. Only one and a half  cen-
tury  later with the development of Quantum Mechan-
ics we started to understand that the ability to be here 
and there is not only a talent of Figaro but rather a 
common property of everything (well, presently only 
on the nanoscale but what is about the Schrödinger 
cat?). This property becomes especially evident when 
the wave function, — whose modulus squared gives a 
probability to find a particle at a given place,— con-
sists of two or several peaks meaning that a particle 
can be here (at the place of one peak) or there (at the 
place of another peak) but not in the place between 

the peaks. Such a wave function for quanta of light, 
photons, is routinely prepared in labs, see, e.g. Single 
photons made-to-measure. In our preprint we discuss how 
the similar state can be prepared for a massive parti-
cle, an electron.

ii

En attendant

The probability to detect an electron 
has a double-peak shape

( figure adapted from arXiv:1404.0185 )
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Entrée 

Quantumness



Discrete et Continuous 

Everybody knows from school what is an electrical 

current: It is an electrical charge flowing per unit of 
time. Or, in other words, a current is given by the ratio 
of a charge change to a time of this change. So, in or-
der to measure an electrical current we need two meas-
urements done in close (or not so close) times.

Everybody knows from school that charge is carried by 
particles, e.g. electrons, ions, etc.

But perhaps not everyone thought about what is a cur-
rent carried by a single carrier, say, by a single   elec-
tron. The problem is that an electron charge is fixed 
and indivisible. It can be detected only once as a 
whole not by parts. Therefore, we cannot perform two 
measurements on the same electron, which are neces-
sary to measure the flux of an electrical charge, an elec-
trical current. Already after the first measurement an 
electron charge will be detected and nothing will re-
main to be measured for the second time.

Quantum mechanics offers us a resolution to this puz-
zle saying that the flux of an electrical charge of a sin-
gle electron is not an electrical current at all: It is a flux 
of probability to detect an electron (multiplied by an 
electron charge).

Can such a reasoning be applied to another single-
particle currents, say to its energy current?

Perhaps, the answer is positive, since we can detect 
an electron only once and to measure its energy, not 
the flux of energy.  We see that in a micro-world the ele-
ments of reality (accessible for our senses and to the 
measurement apparatus) are the quantities like a 
charge and an energy, not their fluxes.

To clarify the matter, we considered a single-electron 
source, which consists of a quantum level which 
moves up with a constant speed and crosses the 
Fermi level of a conductor at some point. After such a 
crossing a single electron is injected into the conduc-
tor. We calculated an electrical current (in fact, the 
probability current to detect an electron) and an energy 
current associated with an injected particle. Using 
these two currents we found an energy per detected 
electron. Surprisingly, this quantity is non-monotonous 
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function of time t: An electron detected earlier can 
have larger energy Qcs than an electron detected later, 
see the maximum on the plot.

This is counterintuitive, since only the source supplies 
energy to an electron: The longer an electron interacts 
with the source the larger its energy is expected to be. 
But the Nature decided differently…

And we can use it for our own benefit: By detecting an 
electron earlier we can extract more energy from the 
source and, for instance, can cool a source more effi-
ciently.

5



Fractional charge

It is well known that the elementary charge is indivisi-

ble. Wait, quarks have a fractional charge, excitations 
in a two-dimensional electron system in the fractional 
quantum Hall effect regime have a fractional charge. 
But did anybody have seen them? No. And this is 
good news! Look at something not easy to observe 
and, if you are lucky, you can find something interest-
ing (but if you are unlucky…).

Let us look at the Fermi sea, where each electron occu-
pies its own state. The more electrons the more sates 
are occupied. The energy of the highest occupied state 
is called the Fermi energy µ.

If we act on the Fermi sea then what will happen? Not 
much choices: An elementary process is a transition of 
an electron from an occupied state with energy below 
µ to an empty state with energy above µ. However this 
elementary process is not the full story. It is even not 
the story at all. Like a paint drop on a canvas can 

equally promise Mona Lisa or just be a trace of color-
ing of a ceiling, so and the result of many electron tran-
sitions can be quite surprising. Everything depends on 
a painter in the case of a canvas or on action in the 
case of the Fermi sea. For a properly chosen action 
(namely one needs to use a Lorentzian in shape volt-
age pulse with unit area) an empty state will be immedi-
ately occupied by another electrons and so on. And 
we will face with an original completely filled Fermi sea 
plus an extra electron on its surface. Such a clean elec-
tronic excitation is called a leviton.

What happens if a voltage pulse is different? The result 
will be different. Instead of a single excitation we 
would get a mess with many electrons and holes being 
excited. But even a mess can sometimes host order. 
Look at Ship “Twelve Apostles” by Ivan Aivazovsky. 
You can see a ship surrounded by a stormy sea. This 
gives an impression of what a voltage pulse with a half 
of unit area  does. It puts the Fermi sea in a stormy 
state with many electron-hole pairs being excited. But 
in addition it creates an exotic single-particle excita-
tion, a half-leviton (HL). This excitation is fractionally 
charged akin a quark and it is a zero-energy excitation 
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similar to a Majorana fermion. In the figure the energy 
distribution function of a half-leviton, fHL, is shown as a 
function of its energy ε.   

However, in contrast to a Majorana fermion, the half-
leviton and its anti-particle have different charge. This 
fact, however, does not prevent them to annihilate 
each other perfectly. On the other hand, like a quark, a 
half-leviton cannot exist on its own. HL requires a 
stormy Fermi sea with some energy levels below µ to 
be freed. This is so since HL comprises states symmet-
rically located on both sides of the Fermi energy, see 

Figure. The good news is that this specific stormy 
Fermi sea can be prepared without a half-leviton and, 
therefore, it can be used as the reference point to ex-
plore properties of a half-leviton. 

( more details are in arXiv:1603.04903 )
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Plat principal

Heated quantum



Quantum raindrops

Charge quantization is one of the fundamental princi-

ples of Nature. In electrical conductors this principle 
underlies the two basic sources of current fluctuations, 
the thermal noise and the shot noise. At non-zero tem-
perature the electronic quantum states close to the 
chemical potential of the conductor are partially occu-
pied. The occupation probability is given by the Fermi 
distribution function. Since charge is quantized, the 
state can be either fully occupied by an electron or 
empty. Therefore, a partial occupation implies fluctua-
tions of the number of electrons entering the conduc-
tor, which results in thermal fluctuations of a current. 
With decreasing temperature down to zero the thermal 
noise disappears since the occupation of any elec-
tronic state becomes fixed and the electron flux enter-
ing conductor becomes regular. 

In contrast, the flux of electrons leaving a multiterminal 
conductor remains fluctuating even at zero tempera-
ture. Since an electron is non divisible, it can leave a 

conductor through one terminal but not through all ter-
minals at once, which leads to the shot noise. There-
fore, even if the incoming electronic flux is regular, the 
outgoing flux is fluctuating, see this figure. 

This effect is much like the noise caused by raindrops 
knocking on the roof.

The recent experimental advances made it possible to 
address a question concerning an amount of the shot 
noise produced by the passage of a single electron 
through the conductor. It turns out that the shot noise 
reveals not only the charge quantization principle but 
in addition such a fundamental property of a quantum 
state as its purity: An electron in a pure state produces 
more shot noise compared to that of an electron in a 
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mixed state. It seems that an electron in a mixed state 
behaves as “a less granular entity” and, alike a steady 
rain with smaller drops, produces less noise.

We considered an electronic circuit with chiral 
waveguides and two outgoing terminals, which do not 
communicate to each other. The circuit is fed by a co-
herent single-electron source. In such a circuit the ther-
mal noise at the outgoing terminal does not depend on 
the source. Therefore, the excess noise, which arises 
when the source is on, is the shot noise caused by par-
titioning of electrons injected in the circuit by the 
source. We found that the excess noise Pex, being maxi-
mal at zero temperature, decreases with increasing 
temperature T, see the next figure. 

This counterintuitive behaviour can be attributed to the 
effect of a finite temperature on the quantum state: At 
zero temperature the state of an electron emitted by 
the source is pure, while at finite temperatures the 
state is mixed. The mixed state is less noisy than a 
pure state.
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HOM avec HBT

Two famous optical effects, the Hanbury Brown and 

Twiss (HBT) effect and the Hong–Ou–Mandel (HOM) ef-
fect, are of the same quantum nature. Both of them be-
long to the family of two-particle interference effects. 
The two-particle interference is characterized by the 
square of the overlap integral between wave functions 
of two particles. Squaring here is vital, since it elimi-
nates the fluctuating relative phase of wave functions 
of two different particles. 

HOM and HBT are determined by the same overlap in-
tegral but usually they occur in different setups. The 
HOM setup include a wave splitter, while the HBT 
setup does not. As a result the HOM contribution has 
an extra sign minus compared to the HBT contribution. 
Therefore, if they somehow occur in the same setup, 
they cancel each other. 

This is exactly what happens in a mesoscopic electron 
collider, where the two incoming quantum states in ter-

minals 1 and 2 collide on a wave splitter and cause 
electrical  currents in the output terminals 3 and 4, see 
the figure. 

The single-electron source is present in terminal 1 (not 
shown). Each of the incoming terminals has a finite 
temperature. Thus, the first incoming quantum state 
comprises single particles injected by a  source and 
thermal excitations. The second incoming quantum 
state comprises only thermal excitations. The correla-
tion function of outgoing currents is of interest here. 
This correlation function has a single-particle and two-
particle contributions. The single-particle contribution 
is the shot noise, the noise due to partitioning of indi-

11

https://en.wikipedia.org/wiki/Hanbury_Brown_and_Twiss_effect
https://en.wikipedia.org/wiki/Hanbury_Brown_and_Twiss_effect
https://en.wikipedia.org/wiki/Hanbury_Brown_and_Twiss_effect
https://en.wikipedia.org/wiki/Hanbury_Brown_and_Twiss_effect
https://en.wikipedia.org/wiki/Hong%E2%80%93Ou%E2%80%93Mandel_effect
https://en.wikipedia.org/wiki/Hong%E2%80%93Ou%E2%80%93Mandel_effect
https://en.wikipedia.org/wiki/Hong%E2%80%93Ou%E2%80%93Mandel_effect
https://en.wikipedia.org/wiki/Hong%E2%80%93Ou%E2%80%93Mandel_effect
https://en.wikipedia.org/wiki/Shot_noise
https://en.wikipedia.org/wiki/Shot_noise


visible particles injected by a single-electro source on 
the wave splitter. The two-particle contributions are (i) 
due to HBT-like correlations between single injected 
electrons and thermal excitations of the first terminal 
and (ii) due to HOM-like correlations between the same 
injected particles and thermal excitations of the sec-
ond terminal. If the temperatures of both terminals are 
the same, the HOM and HBT contributions cancel 
each other. What remains is only the shot noise of the 
electrons injected by the source at finite temperature. 

Surprisingly, the cancellation of two remarkable quan-
tum effects makes it possible to reveal yet another 
weird property of the quantum world: The particle cre-
ated at finite temperatures becomes less noisy. This 
fact is counterintuitive because of the following. At fi-
nite temperatures the quantum state of a particle is a 
mixed state, and  at zero temperature a pure state. A 
quantum particle in a pure state is expected to show 
properties quit different from that of a classical particle, 
while the shot noise, they produce, is the same. Quan-
tum particles in a mixed state produce much less   
noise compared to what classical particles do. 

Does it mean that a mixed state is more quantum com-
pared to a pure state? 

( more details are in arXiv:1709.03334 )
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Fermions à la Bosons

There are fermions and bosons around us. But physi-

cists are not happy with this.  They are very concerned 
with symmetry and are looking for conditions when 
everything is symmetric and uniform. They invented 
SUperSYmmetry (SUSY) and tell us that if we heat our 
universe sufficiently, the bosons will become fermions, 
and the fermions will become bosons (well, what they 
are saying exactly is a bit different but for my purposes 
here this is a good simplification for their saying). The 
difference between the system of identical fermions 
and the system of identical bosons is, roughly speak-
ing, that the former are forced to occupy the different 
quantum states while the latter tend to occupy the 
same state. The SUSY theory tells us that under the 
sufficient heating all of them behave alike.

To heat something is usually a good idea. We heat our 
house to live there, and we heat our dish to eat it. But 
not only. In condensed matter physics we heat metal 
to melt it down and to get rid of its crystal structure if 

we do not like it or if we want to mix different metals 
and to make an alloy. One can continue to demon-
strate various good effects of heating, but let me go 
straight to the point.  	

Condensed matter is a good playground for particle 
physics. And the SUSY theory is already actively used 
there. Not pretending on any kind of generality, let me 
show an example of “how to turn fermions into bos-
ons” (well, effectively, of course). The underlying idea 
is very simple. 

Let us first recall the natural consequence for electrons 
in a conductor to be fermions: When one extra elec-
tron is added, it is forced to be in a quantum state that 
is orthogonal to the states of all available electrons (for 
simplicity we disregard the spin degeneracy -- you see 
that in condensed matter physics we can have a “spin-
less fermion”, which sound weird for particle physi-
cists). Such an orthogonality is the direct consequence 
of the Pauli exclusion principle for fermions. This is ex-
actly the place where the heating comes into game 
and destroys completely this behavior.  
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In fact, the orthogonality takes place for pure quantum 
states. And indeed, when an electron is added at zero 
temperature, it is added in the pure state, which is or-
thogonal to the pure states of other electrons. How-
ever, everything is mixed up in the case of non-zero 
temperatures, when all electrons are in mixed quantum 
states. 

The difference between a pure state and a mixed state 
is like the difference between a studio and an apart-
ment. If you live in a studio and you have guests, all of 
you will be in the same room and will enjoy each other 
until the guests will go home. This is what happens 
with electrons in pure states: They are in the same 
room, see each other, and, in order to emphasize their 
individuality, as Pauli taught them, possess different or-
thogonal states. The story is completely different, if 
you have a New Year's party in the apartment. In addi-
tion to everything you can do in a studio, you have a 
possibility to play a hide and seek game or simply to 
make a business call, if you need it. You do not need to 
go out to frost (or to slush, like this year)! The same 
with electrons in mixed states. They have plenty possi-
bilities to avoid each other at a given time even if all of 

them are in the same (mixed) quantum state: If one 
electron is in one component of the mixed state (in one 
room), the other electron can occupy another compo-
nent (another room) of the same mixed state, and so 
on. So, at non-zero temperatures, a newly added elec-
tron can occupy the same quantum  state as all host 
electrons do. This is what I mean by “to turn fermions 
into bosons”.

How much do we need to heat electrons? Strongly 
enough. The temperature should be larger then the 
Fermi energy. For plain conductors this is unreachable, 
since the material will be melted down at far lower tem-
peratures. However, there are plenty artificial Fermi sys-
tems, like cold atoms systems, which are, in fact, quite 
hot. Actually, I have in mind a new and promising plat-
form based on the source of levitons, which allows us 
to create systems with the desired number of elec-
trons. For such a system of, say, ten electrons the 
Fermi energy is as low as 0.1K. 

( more details are in arXiv:1801.04787 )
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Déssert 

Quantum weirdness
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One hand clapping

The experiment performed by Thomas Young in the 
beginning of the nineteenth century clearly demon-
strated a wave nature of light. In this experiment a 
beam of light is split into two beams, which then are re-
combined at the screen. Depending on the difference 
of paths taken by each of two beams, the given point 
of screen is either bright of dark, i.e., the two beams ei-
ther enhance or suppress each other. This phenome-
non is known as interference of two beams. 

One can wonder, whether interference of only one 
beam is possible? Perhaps, the answer is negative in 
the case of light. But in the case of electrons, amaz-
ingly, the answer is positive: A single electron  beam 
can interfere with “nothing”! 

The origin of this astonishing behaviour lays in the 
properties of electronic  “nothing” (an electronic  vac-
uum) in solids. In the case of photons, the vacuum is 
really empty, while in the case of electrons  in solids, 
the “vacuum”, which is called the Fermi sea, is not 
empty. It has its own wave function, whose phase can 
be changed locally in space. 

The portion of the Fermi sea with an extra phase χ, a 
phase carrier (PhC), is unlike any quasi-particle excita-
tion in the Fermi sea: First, the PhC is electrically neu-
tral and carries no energy. While the real excitations 
are either charged (quasi-electrons, holes) or neutral 
but carrying energy (electron-hole pairs). Second, a 
real particle shows interference if it is split and then re-
combined at the out-put of interferometer. While the 
PhC shows interference only if it is not recombined 
with itself at the out-put of interferometer with arm dif-
ference ∆L, see the figure, where a neutral piece of the 
Fermi sea is shown in black and gray, while a positively 
(negatively) charged one is shown in red (blue),. 

 The PhC in the Fermi sea demonstrates a single-beam 
interference, which is much like a one-hand clapping. 
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Bizarre heat

Nowadays we hear from here and there that the quan-
tum world is different from the classical one. Meaning 
that the elementary particles live not as like as we do: 
no weekends, no TV, no basketball — in a word, a bor-
ing life. To entertain themselves they invented magic, a 
quantum magic. For instance, an elementary particle, 
say, an electron, can pass through the two doors in a 
way no one classical object can do. The magic they 
use is called interference. In two words, interference 
means that with two doors opened a quantum particle 
cannot reach some places   behind the doors, which it 
would reach if only one door (any one of two) would be 
opened. Is it not impressive?

Well, they can do even better. A particle have some en-
ergy, which it can bring to the place it is detected and 
highlight it. In the case with two doors opened, a parti-
cle does not reach some place, which it would reach if 
only one door would be opened. Let us denote this 
place as a point A on a screen. So, with two doors 
opened the screen at A remains as dark as if no parti-
cles passed the doors at all. While if we close one door 
(but not both!) then the screen at A will become 
brighter. This is, so to say, an ordinary quantum magic. 

However, as I already said, the quantum particles can 
do a better magic. Under some circumstances, a parti-
cle passed through the two doors can bring at A a 
negative energy, such that the screen at A becomes 
even darker compared to the case when no particles 
passed the doors at all. Can you explain this? I can’t. I 
take this as a manifestation of oddity of the Quantum 
World.

In the figure, see also Fig.2 in arXiv:1702.01153, a 
time-dependent heat carried by a single electron in-
jected onto the surface of the Fermi sea is shown for 
several values of the parameter ζ. 
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The parameter ζ characterizes the working regime of 
an electron source.  At ζ=0 the regime is adiabatic. In a 
sense it is equivalent to injection through a single door, 
when no interference occurs. As a result heat is mo-
notonous and positive. At non-zero ζ the emission re-
gime becomes non-adiabatic, which is similar to, so to 
say, injection through the several doors. The interfer-
ence comes into play and a heat current becomes os-
cillating. Amazingly, at some time moments, a heat cur-
rent becomes negative. This can be thought like the en-
ergy of the Fermi sea with an injected electron is below 
the energy of the Fermi sea with no an injected elec-
tron. It is cool! Isn’t it? 

( more details are in arXiv:1702.01153 )
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