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In  1911  Gilles  Holst,  at  the  time  Ph.D  student  in  the  laboratory  of  Professor 
Kammerlingh Onnes, could not imagine that he would become soon the first observer 
of a new physical phenomenon intended to completely revolutionize the physics of 
solids and not only: the superconductivity.

The discovery of the young Holst

In 1908 in Leiden the group of Onnes had managed to liquefy helium, the last of the 
inert gases to be condensed, reaching a temperature of 4 K (= -269o C). That day only 
a few milliliters of helium were liquefied, but this opened the way to the exploration of 
the low temperature world. After this indeed Onnes began to investigate the electrical 
properties of metals at very low temperatures. First of all the resistivity. A solid can be 
sketched  for  simplicity  as  a  lattice  consisting  of  atoms  surrounded  by  a  cloud  of 
electrons,  we  can  imagine  an  insulator  such  as  a  system in  which  this  cloud  of 
electrons remains tied around the atoms of the lattice, while in a metal the electrons 
are free to move generating a current. The resistivity of a system is related to the fact 
that in their motion the electrons collide both between them and with the ions of the 
lattice. As a consequence the motion is hindered, and the electrons are slowed down. 

By means of the  collision, 
part  of  the  energy of  the 
electrons  is  transferred  to 
the  ions,  that   begin  to 
oscillate  more  and  more 
around  its  equilibrium 
positions  (the  sites  of  the 
lattice).  Thus  a  certain 
amount  of  energy  is  then 
dissipated as heat. Already 
at the time it was clear that 
increasing the temperature 
in  a  conductor  means  in 
practice to swing more and 
more the ions of the lattice 
increasing the probability of 
collisions  between  them 
and  the  electrons  in 
motion; this explained why 
the  resistivity  increased 
with the temperature.

Figure 1 - At the beginning of 900, the theoretical models for the 
low temperature trends of  the resistivity of mercury reduced to two 
scenarios, in which the resistivity at zero Kelvin was always 
different from zero. The young Holst in 1908 showed that the reality 
was quite different, and discovered the superconductivity of mercury 
below Tc = 4 ° K.



However it was not clear yet, what should be the behavior of the resistivity of a metal 
at very low temperatures. At that time the theoretical models predicted two possible 
behaviors: in the first case the freezing of the electrons and as a consequence the 
increasing of the resistivity was expected. Indeed if the electrons are blocked, there 
are no free carriers available for transport. In the second scenario the achievement of 
a not well-defined minimum value of the resistivity determined solely by imperfections 
in the material  was predicted (see Figure 1).

Onnes was very surprised to discover that the observations made by his student Holst 
on a sample of pure mercury did not support any of the theories proposed, but rather 
showed an anomalous behavior of the resistivity characterized by a sudden collapse 
at  a temperature,  called critical  of  about  4°K. The skeptical  Onnes asked Holst  to 
repeat and verify the results of the experiment, but at the end, seeing of the accuracy 
and precision of Holst measures, he had to admit that they were facing a phenomenon 
till  then unknown,  a new state of  matter  characterized by a  zero resistivity  at  low 
temperatures and for this, named superconducting state.

The  scientist  immediately  realized  the  importance  of  his  discovery  also  from  a 
commercial point of view: in fact, a superconductor can carry current at any distance 
without dissipative effects. As a good scientist should do, as a first objective he tried to 
verify experimentally this observation. It was a success: Holst performed a test on a 
superconducting ring and verified that once you enter a current (for example by a 
battery),  the  current  continued to  circulate  in  the ring  even when the battery  was 

disconnected. This meant that 
the  current  pulse  that  was 
entered by the battery in the 
circuit  had  not  dissipated  as 
heat,  but  continued  to 
circulate.  That  so   called 
persistent  current,  remained 
for  hours  until  liquid  helium 
evaporated  and  mercury 
warmed  turning  back  to  a 
normal conductor.
In  a  similar  experiment 
carried  out  in  the  sixties  in 
Leiden the current circulation 
was observed for two years. It 
stopped only  because  of  a 
transportation  strike  that 
prevented the supply of liquid 
helium.  This  sensational 

discovery  earned to  Onnes the Nobel Prize for Physics in 1913, and to the young 
Holst the post of Director in the physics laboratories of Philips!

Figure 2 - In 1933 Meissner discovered that the metals in the 
superconducting phase do not allow external magnetic fields (as 
long as not too intense) to penetrate inside them: this property is 
the reason behind the phenomenon of magnetic levitation.



Is it a superconductor simply a super conductor?

Is therefore a superconductor simply a perfect metal? No, in fact besides the zero 
resistance, a superconductor is characterized by another extraordinary property: it is 
able to expel completely the lines of force of a magnetic field. This phenomenon is 
known as the Meissner effect, from the name of the discoverer who carried out his 
experiments in 1933 (see Figure 2). 
In  nature  there are several  materials  that  if  immersed in  a  magnetic  field  have a 
tendency  to  throw  out  the  lines  of  force  of  the  field;  these  materials  are  called 
diamagnetic. This effect, however, is typically very weak. This is not what happens in a 
superconductor. In this case if a magnetic field is applied currents on the surface are 
generated, these super-currents create a field equal and opposite to the external one 
so as to cancel out it  completely. A superconductor behaves therefore as a perfect 
diamagnet.  This  applies  only  if  the  magnetic  field  in  which  the  superconductor  is 
immersed it is not too intense. Otherwise, in fact, the superconductor should spend too 
much energy to generate a field so as to cancel the external one and is therefore 
energetically more favorable stop being a superconductor and return to the ordinary 
metallic phase.

Unity is strength

For a theoretical understanding of the superconductivity we have to wait about fifty 
years after the discorvery. In fact, only in 1956 Bardeen, Cooper and Schrieffer (Nobel 
prize in 1972) built the microscopic theory for superconductivity known as the BCS 
theory (acronym of the authors names). The basic idea is that while in a normal metal 
electrons move independently of each other hitting the atoms of the crystal lattice, the 
electrons  in  a  superconductor  are  coupled  and  can  move  together  coherently  in 
phase.  But  why  electrons  should  match  being  two  negative  charges  that,  for  the 
Coulomb force, repel each other? The trick is in the crystal lattice, which is an elastic 
medium and is able to mediate attractive interaction between two electrons. We can 
imagine  that  a  conduction  electron  that  passes  through  the  lattice  perturbs  some 
positive ions with respect to their equilibrium position, attracting them slightly towards 
it and forcing them to move closer, as a consequence a region with a greater density 
of  positive  charge is  created.  While  these ions  oscillate  back  and forth  a  second 
electron can be attracted towards the positive region. The perturbation of the charges 
in  the  lattice  produces  a  weak  short-range  attractive  potential  that  can  capture  a 
second electron. The net effect is that the two electrons can interact using the lattice 
as an intermediary. The formation of the pairs can be seen as the same that happens 
when  two lead balls, placed on a mattress, tend to converge at the same point, taking 
advantage of the deformation of the underlying mattress. Once the pairs are formed, 
the electrons do not behave as independent particles, together with the other pairs, 
they form a new quantum state in which couples move coherently between them. So 
while in a normal metal, electrons behave as independent waves, colliding between 
them and against the lattice ions (like a bunch of guys in a disco), the electrons in a 



superconductor coupled to form a single wave and move together coherently (such as 
couples dancing the waltz!). They do not collide with the ions of the lattice because is 
the  lattice  deformation  itself  that  creates  space  for  the  motion  of  the  two  bound 
electrons: the crystal, therefore, offers no resistance (see Figure 3).

Cold but not too much.

While the general theoretical understanding of superconductors had been substantially 
resolved, from experimental point of view the search for materials characterized by 
higher critical temperature continued even after the '60s. From the industrial point of 
view in fact the possible reduction of costs for cooling equipment required to maintain 
the superconducting materials below their critical temperature gave great impulse to 
the search of new superconductors with higher critical temperature. These studies did 
not produce significant results until 1986, when Bednorz and Muller announced the 
discovery of  superconductivity  in  a ceramic material  containing lanthanum, copper, 
and oxygen doped with barium with a critical temperature higher than 30° K [1]. After 
this  discovery,  other  similar  materials  with  critical  temperatures  higher  were 
synthesized.  These  materials  are  now  indicated  with  the  name  of  cuprate 
superconductors. For many years these materials have represented the only family 

belonging  to  the  class  of  so-
called  high  temperature 
superconductors (HTSC). Other 
families  were  discovered  later, 
such  as  that  of  the  fullerenes 
and recently, in February 2008, 
a  new  type  of  materials 
containing  arsenic  and for  this 
called pnictides [2]
The  discovery  of  high 
temperature  superconductivity 
has  represented  a  real 
revolution  in  the  field  of  the 
possible applications. The  high 
critical temperatures have made 
possible  the  use  of  liquid 
nitrogen  (whose  boiling 
temperature  is  -196°  C)  as 
cooling  medium instead of  the 
much  more  expensive  liquid 
helium.  From  the  conceptual 
point  of  view  the  BCS  theory 
fails to explain the phenomenon 
of  high  temperature 
superconductivity. The lattice as 

Figure 3 - The difference in the behavior of electrons between 
the normal and superconducting phase of a metal is similar to 
that of the dancers in a disco party or a grand gala waltz.



a  mediator  of  the  interaction  between  the  electrons  can’t  justify  the  high  critical 
temperatures observed. But then who is the glue that can match the electrons and 
hold them together even at such high temperatures? To date we do not yet know the 
answer to this question, which is only one of the open issues in this field. Indeed the 
intense experimental activity brought to light a whole set of anomalies concerning not 
only  the  superconducting  state,  but  also  the  so-called  normal  phase.  The 
understanding of high-temperature superconductors is now a challenge that force us 
every day to revise many of the paradigms used so far (even if successfully) in the 
physics of materials. The point, therefore, is not only the understanding of the basic 
mechanism  of  superconductivity  in  these  systems,  but  rather  the  global 
comprehension of the many different observed phenomena and the relation between 
them.  Research on HTSC continue adding new details  every  day,  extending a bit 
every day the global understanding about this systems.

The first 100 years of superconductivity

A century after its discovery, the phenomenon of superconductivity, particularly in the 
context of HTSC, still remains one of the most exciting areas of research. A thorough 
understanding  of  superconductivity,  could  in  fact  lead  to  the  engineering  of 
superconducting materials not only with critical high temperature but also suitable for 
use on a large scale: ductile, malleable, easy to build and cheap! A true revolution of 
our daily lives.
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