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In this paper we will 
present a fascinating 
and generally relative-
ly little-known field of 

high pressure physics. Our 
everyday life takes place at 
atmospheric pressure, and 
therefore we more often 
encounter changes caused 
by temperature (melting of 
solids or boiling of liquids). 
However, high pressure can 
cause much more dramat-
ic changes in matter than 
temperature. A well-known 
example is the transforma-
tion of soft graphite into 
superhard diamond, which 
found practical use in the 
production of artificial di-
amonds. Inside the Earth 
and the planets there are 

enormous pressures (up 
to millions of times higher 
than atmospheric pressure), 
and to understand what 
happens there, we need 
to know how pressure and 
temperature change the 
structure of matter. It has 
recently been shown that 
at a pressure of 1-2 million 
atmospheric pressures, su-
perconducti vity (conduction 
of electric current without 
losses) can exist even al-
most at room temperature. 
In addition to experiments, 
which are complicated, phe-
nomena at high pressures 
can nowadays be investi-
gated very effectively with 
the help of computer sim-
ulations. These allow us to 
look inside the crystals and 
directly observe how the 
atoms rearrange under the 
influence of high pressure. 
Currently, these methods 
are going through a stage of 
rapid development.
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At the beginning, we will start from a slightly different 
problem where our common everyday experience will help 
us. When we see melting snow, it seems to us that it is 
something so common that it doesn‘t even make sense to 
think about it. Everyone knows that ice melts at a temper-
ature of 0 °C and turns into liquid water. In fact, there are 
many questions that could occur to us, and we start with 
the most important ones. The laws of Nature are contin-
uous and therefore it appears natural that a small cause 
usually induces a small effect. But why doesn‘t melting 
produce something that is partly ice and partly water? Why 
even with a slight increase in temperature above 0° such 
a dramatic transformation occurs? It seems like in the case 
of melting the continuity does not work because we see 
a jump. How is it possible? Of course, in high school it is 
taught that the melting of a crystal (in this case ice) is an 
example of the so-called phase transition. It is not a spe-
cific property of water and is observed in practically all 
substances. But mere giving a name to a phenomenon is 
not its explanation. So how can melting be explained from 
the point of view of physics?
For the answer, we need an important part of physics 
called statistical mechanics. It tells us that for given ex-
ternal conditions, the most probable state of the system 
is realized. The probability of the existence of water and 
ice depends on the temperature. What happens at 0 °C is 
simply a reversal of these probabilities – below 0 °C ice is 
more likely than water, and above 0 °C the opposite is true. 
A simple principle – the most probable state wins – can 
generally and naturally explain the existence of a jump or 
phase transition. 
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It has recently 
been shown that 
at a pressure 
of 1-2 million 
atmospheric 
pressures, 
superconductivity 
(conduction of 
electric current 
without losses) 
can exist even 
almost at room 
temperature.

Jumps called
phase transitions
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This could be compared to a model situation in econom-
ics where buyers would make a buying decision based on 
price alone, and there would be only two types of product, 
A and B. If the price of A is lower than the price of B, every-
one will buy A. But if B becomes cheaper and its price falls 
even slightly below A, everyone will buy B. A small change 
in prices caused a dramatic change in behavior.

After this introduction we can move from temperature to 
pressure. The principle is similar and it should not be sur-
prising that pressure also causes discontinuous changes, 
or jumps. But in a sense, pressure can do more. Tempera-
ture, by its very nature, induces chaos and moves the sys-
tem toward disorder. Therefore, upon melting, the ordered 
crystal, where the atoms have a precisely defined position, 
disappears and is replaced by a much less ordered liquid, 
where each atom can be everywhere. Unlike temperature, 
however, pressure does not cause chaos, but merely push-
es the system towards a smaller volume. Therefore, pres-
sure typically causes a transformation of an ordered crys-
tal structure into another one which has a smaller volume. 
Volume is determined by how close the atoms are packed 
together. The higher the pressure, the more important it is 
to reduce the volume, and the „better“ the atoms have to 
be arranged.

At this point we need to specify more precisely what we 
mean by high pressure. In everyday life, we encounter higher 
pressures, e.g. when cooking in a pressure cooker or when 
inflating tires. From the point of view of crystals such pres-
sures are actually quite low and therefore uninteresting. It 
can roughly be said that no less than thousands of atmos-
pheric pressures begin to represent values relevant for the 
preparation of new crystalline structures. At pressures reach-
ing millions of atmospheric pressures, almost all substances 
change their structure.   

It is fascinating that such extreme pressures can be achieved 
relatively easily in the laboratory today. The story began in 
1905, when the American physicist P. Bridgman decided to 
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A new world above atmospheric 
pressure 
Transformation of graphite into 
diamond and 18 forms of ice
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Diamond anvil cell 
(image from Ref. [1]).  

The prototype of a structural transition at high pressure is 
the transition graphite – diamond in carbon (Fig. 2). Under the 
influence of high pressure (and high temperature also helps), 
the neighboring graphene layers in graphite form bonds and 
connect. After the formation of strong bonds also in the di-

systematically investigate what happens to various materi-
als when they are compressed. For his pioneering work in 
this area, he was in 1946 awarded the Nobel Prize in Physics. 
Pressure is a force per unit area and therefore the path to 
high pressure leads through a large force acting on a small 
area. Currently, the most used method is the so-called dia-
mond anvil cell (DAC - diamond anvil cell, Fig. 1), in which the 
examined sample is placed between two pointed diamonds 
that compress it. Of course, there is only a very tiny amount 
of sample in this cell, but with the help of electromagnetic 
radiation (from infrared to X-ray), it is possible to directly ex-
amine its structure and physical properties (this is most often 
done at so-called synchrotrons).

The real possibility of achieving such high pressures in the 
laboratory opens up a new world. Pressure, via volume re-
duction, fundamentally changes the structure and chemical 
bonds. As a result, all the properties of matter will change 
– density, hardness, color, conductivity, magnetic properties, 
etc. Semiconductors typically become metals (e.g. silicon), 
but it can also be the other way around – e.g. metallic sodium 
turns into an insulator. The existence of a certain substance 
in different crystalline forms is referred to as polymorphism. 

figure 1
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rection perpendicular to the planes, the soft black graphite 
converts into a translucent and shiny diamond, represent-
ing the hardest material that occurs in Nature. The change in 
properties during this transition is indeed extreme (and the 
price also changes dramatically).

diamond graphite  

If high pressures occurred only in the laboratory, the whole 
issue would be more of an academic problem. However, 
Nature does not avoid high pressures. If we were to im-
agine a journey to the center of the Earth, as dreamed of 
by Jules Verne, we would get under enormous pressure. 
The pressure in the center of the Earth, in its metallic 
core, is about 3.6 million atmospheric pressures. Even be-
fore reaching the metallic core, we would encounter vari-

To stay with substances known from everyday life, ice is 
also a very interesting example of rich polymorphism. The 
well-known form we use to cool drinks and to ski on it, 
is the so-called hexagonal ice Ih. The name derives from 
the hexagons that are characteristic of its structure. But in 
addition to this form, there are at least 17 other forms that 
have a completely different structure (Fig. 3), and at least 
two disordered solid forms (so-called amorphous). Among 
them there is also ice V which has an exceptionally compli-
cated and exotic structure, occuring at a pressure of 5000 
atmospheric pressures and a temperature of -20 °C.
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Before moving on to other topics, we have to mention that 
perhaps the most spectacular example is the search for 
metallic hydrogen at extreme pressures (almost 5 million 
atmospheric pressures). Despite being the simplest ele-
ment in the periodic table, it‘s a long, complicated and ex-
citing story that has spanned nearly 100 years. In recent 
years, this story seems to be heading for a happy ending, 
but that would be a topic for a separate article.

Examples of some 
important ice structures. 
Regular hexagonal ice 
Ih is the first (left). The 
red atom represents 
oxygen and the white one 
represent hydrogen.  

I II III IV V

Do such high pressures also occur 
in Nature?
Geophysics and Planetary Physics

Figure 3

Graphite (image from Ref. [2]) and diamond (image from Ref. [3])
 (top) and their crystal structures (bottom). 

figure 2
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A well-known example is the so-called D‘‘ layer at a depth 
of approx. 2700 km below the Earth‘s surface, where the 
structure of the mineral MgSiO3 changes from perovskite 
to the so-called post-perovskite. This phase transition was 
experimentally discovered by two groups in 2004 [4,5] and 
naturally explained the seismic anomaly observed at the 
mentioned depth. However, this discovery also brings us 
to the theory, because this transition was explained short-
ly after [6] (Fig. 4) using a method co-developed by the 
author of this article. 

The goal of science is to understand phenomena and de-
velop a theory that can make predictions. The theory in 
this case is thermodynamics, which tells us that the prob-
lem of determining the structure of a crystal at a given 
pressure is actually the problem of finding an arrangement 
of atoms in space that gives the lowest possible value of 
a certain quantity that can be calculated. In mathematics, 
this type of problem is well known and is referred to as 

If we could theoretically predict 
the structure of a material before 
we prepare it in the laboratory, 
we could “design materials in 
computer”. 

ous (strongly compressed) minerals along the way, which 
change their form at a certain depth, where the pressure 
exceeds a certain value. This creates an interface on which 
seismic waves are reflected and refracted, and this allows 
us to „see“ such structural changes in the depth of our 
planet. 

Transition from perovskite 
(A) to post-perovskite 
(C) via an intermediate 
structure (B) [6].  

04
Why does a crystal actually adopt 
a given structure? 
Can we predict it?  

If a problem is considered very difficult, few people want 
to solve it, because everyone knows that it „can‘t be done“. 
However, in 2006, two papers appeared using different 
mathematical algorithms such as direct search [8] and evo-
lutionary search [9], which convincingly showed that the 
problem is actually easier than hitherto believed (it doesn‘t 
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the so-called optimization problem. It is also known that its 
solution is often very complicated. Even about 30 years ago, 
this problem was still considered practically unsolvable for 
crystals. The situation was concisely characterized by the 
well-known statement of J. Maddox, who was in 1988 the 
editor of the prestigious journal Nature: „One of the con-

tinuing scandals in the physical sciences is that it remains 
in general impossible to predict the structure of even the 
simplest crystalline solids from a knowledge of their chem-
ical composition.“ [7] It was obvious that the importance 
of solving this fundamental problem is considerable. If we 
could theoretically predict the structure of a material before 
we prepare it in the laboratory, we could „design materi-
als in computer“, calculate their properties, and then try to 
produce the best ones. This represents the opposite of the 
traditional search for new properties by randomly examin-
ing a large number of materials. But as good as it sounds, in 
1988 one still had to wait a few more years for this miracle.

Solving an intractable problem 
in 2006

figure 4
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happen often, but it‘s always pleasant to see). Put simply, 
one just needs to randomly generate enough atomic ar-
rangements, sort them and pick, in a sense, the best one. 
Of course, a problem could be the question how much is 
„enough“. Fortunately, in this case, it is not an astronomical 
number, because usually several thousand to tens of thou-
sands are enough. In evolutionary algorithms, one also ac-
celerates the search by crossover of structures, which is 
inspired by biological evolution (we take a piece from one 
and a piece from another structure, and somehow „glue“ 
them together). The methods work so well, that without 
exaggeration, they can be considered a revolution in the 
field.

Of course, the fact that the problem seems relatively easy 
to us today is largely due to the high „brute force“ of cur-
rent computers (i.e. their high computing power). Finding 
the structure of common crystals is typically possible on 
a powerful PC within a few days. When deploying parallel 
supercomputers, even complicated structures can be found 
in a short time. It is even possible to optimize the pro-
portions of elements in the compound (so-called stoichi-
ometry). It may seem surprising, but this also depends on 
the pressure. Everyone knows that e.g. table salt, sodium 
chloride NaCl, is formed by combining sodium and chlorine 
in a ratio of 1:1. However, this only applies at low pressure. 
In 2013 it was shown that at high pressure, surprisingly, 
exotic compounds Na3Cl, Na2Cl, Na3Cl2, NaCl3, and NaCl7 
[10] are stable.

For illustration we now mention one of the recent fascinat-
ing predictions. In 1911 Dutch physicist Kamerlingh Onnes 
discovered superconductivity, i.e. lossless conduction of 
electric current (resistance disappears completely), for 
which he was awarded the Nobel Prize in Physics in 1913. 
However, this remarkable phenomenon typically occurs at 
very low temperatures, and for more than 100 years it has 
been the dream of physicists to find a material that would 
be superconducting at room temperature. The aforemen-
tioned calculation methods are ideal for this goal. In 2017, 
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 In 1911 Dutch 
physicist 

Kamerlingh Onnes 
discovered super-

conductivity, 
i.e. lossless 

conduction of 
electric current 

(resistance 
disappears 

completely), for 
which he was 
awarded the 

Nobel Prize in 
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Prediction of crystal structures 
using computers 
Virtual journey to a new world

Finally, we cannot avoid the natural question – what happens 
when we release high pressure? Will the structure come back? 
After all, diamond should not exist at all at atmospheric pres-
sure. Its very existence is in a sense a mistake of Nature (it 
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the material LaH10 was theoretically predicted (independently 
by two groups [11,12]), to be superconducting at a tempera-
ture above 270 K, i.e. around 0 °C. It is not for free, because 
it requires a huge pressure higher than 2 million atmospheric 
pressures. The structure is shown in Fig. 5 and we leave the 
assessment of its aesthetic qualities to the reader. The material 
was successfully prepared exactly as predicted, and two groups 
[13,14] in 2019 independently showed that at the predicted 
pressure it is indeed superconducting at a temperature higher 
than 260 K, i.e. -13 °C. This prediction and its confirmation can 
be considered as a triumph of theoretical prediction of crystal 
structures. It is still far from practical use, but we already know 
that superconductivity at room temperature is possible.

Structure of the 
high-temperature 
superconductor LaH10 
[11,12].

Return from the “New World”

figure 5
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is called a metastable state). Diamond is a stable state at high 
pressure, but when it is released, carbon should return to its 
stable state at low pressure, which is graphite. Can this actually 
happen? Should we be afraid that expensive diamonds will one 
day turn into ordinary graphite? And what about high-pressure 
forms of other materials? Will they survive the return from the 
„new world“ to the ordinary one?

We can reassure diamond owners. As hard as diamonds are to 
make, they are hard to destroy. The bonds between carbon at-
oms are very strong and at room temperature it is practically 
impossible to break them. Strictly speaking, the diamond is pro-
tected by a high energy barrier, and this barrier is „good“ for 
us. Due to it, it will not fall apart even after thousands of years. 
However, this does not apply to all new forms of matter that 
arise at high pressure. Some immediately return to their original 
form after pressure is released, or even change to a form dif-
ferent from the initial one. But diamonds are also special in this 
regard, and probably that‘s why they are believed to be forever 
( just don‘t heat them up too much, because it‘s still just carbon 
that can burn).
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