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PREAMBLE
Miguel Ángel Alario y Franco
Editor

Thanks to the significant generosity of the Fundación Ramón Areces, an
International Symposium entitled “Superconductivity and Pressure: A Fruitful
Relationship on the Road to Room Temperature Superconductivity”, took place
in the Foundation premises, in Madrid (Spain) in May 21-22, 2018. The present
monograph, also supported by the munificence of this Foundation, collects the
manuscripts of the immense majority of the contributions to the meeting.
This was certainly a very timely meeting, in the words of all the participants,
particularly in view of the most remarkable recent findings in the scientific
territory covered jointly by High Pressure and Superconductivity, that is
leading to higher and higher critical temperatures in the, always superexciting,
superconducting field.
Many of these discoveries were, indeed, presented and discussed by the
very protagonists of the latest breakthroughs in this co-operative field and this
both in the experimental and theoretical approaches. One can mention, in
particular, the presentation of the first evidence of superconductivity very near
Room Temperature, at 260 K, under High Pressure, in LaH10 by Hemley et al. a
world premiere¡ referred later on in Nature 565,12(2019) and that has recently
appeared in PRL 122(2) 027001(2019); but we should also mention the earlier
work of Eremets et al, the first group to show Tc above 200 K, always under
pressure, in another hydride: Nature 525,73(2015).
The monograph is presented as the collection of the extended texts of the
lectures concerning various aspects of Superconductivity, Pressure and, indeed,
the influence of the last on the first, an approach that, as said above, was the
motivation, the raison d’être, of the Symposium.
In this way, one can find quite interesting and updated articles concerning
Superconductivity (Alario-Franco), High pressure (García- Baonza) and High
– IX –

Pressure Materials Synthesis: Complex Perovskites (Sánchez-Benítez), Rare Earth
based Magnetic Oxides (Sáez-Puche) and the study of different families of well
known superconducting materials: HTSC-Cuprates, (Attfield), Nitride Halides
(Amparo Fuertes), Pnictides and related Iron based Superconductors (Hosono).
The next group of manuscripts refers to the detection of new superconductors
by means of Microwaves Spectroscopy-MFMMS (Schuller). More specific
properties like SC vortices in nanomagnetism (Vicent), broken symmetry states
in non-conventional SC from X-ray and neutron PDF Analysis (Bozin), non
equilibrium spectroscopies on superconductivity at fast time scales (Giannetti)
and light induced SC in fullerides at high pressures (Jotzu and Cavalleri).
We then arrive to the very high pressures in Hydrogen (Silvera) and
Superconductivity and the most recent SC hydrides under pressure “H2S”
(Eremets), LaH10 and the predicted YH10 (Hemley) which, as said above, are
getting closer and closer to RTSC and that have also been studied theoretically
by very detailed ab initio calculations (Errea).
The monograph ends up with the abstracts of three communications that
were also presented at the symposium: An analysis of the chemical nature of
the electron-phonon interaction in high pressure Phosphorous (Goesten &
Hoffman), electronic correlations in iron SC (Leni Bascones) and HTSC-Ybco
coated conductors (Teresa Puig).
Another interesting singularity of this monograph is the fact that all
contributions, and the ensuing lively discussions that they provoked, were
entirely live video-recorded and can be freely watched at the web page of the
Fundación Ramón Areces (*).
Before closing, I would like to reiterate our thanks to the Fundación Ramón
Areces for its generous and permanent support to the Spanish Scientific
Community, since its inception in 1976, as a brainchild of the late entrepreneur
D. Ramón Areces, who had a clear vision of the need of Science, Research and
Innovation to improve the Spanish Society.
I would also like to thank, in particular, to the Director of the foundation,
Mr. Raimundo Pérez-Hernandez y Torra and Professors F. Mayor Zaragoza
*) https://www.fundacionareces.tv/ciencias-de-la-vida-y-de-la-materia/superconductividady-presion/

(

–X–

and J.M. Medina Jiménez, President and Vice-President of the Scientific
Committee, for their permanent support along the years.
Thanks are also due to Universidad Complutense, my Alma matter, where
most of our wok in Superconductivity and high Pressure has been done.
Last, but not least, I would like to thank all the lecturers and their collaborators
for its contributions to the meeting.
Madrid, October 2019
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ABOUT SUPERCONDUCTIVITY
AND ITS RECENT PROGRESS [1]

Miguel Ángel Alario-Franco

Laboratorio Complutense de Altas Presiones & Departamento de Química Inorgánica I
Facultad de Ciencias Químicas
Universidad Complutense de Madrid

Abstract
There are many solids, metallic or non-metallic, which, when cooled, reach
a state so-called superconducting in which the electrical resistance disappears
and some outstanding magnetic properties appear. Superconductivity is
an extraordinary phenomenon that offers a multitude of theoretical and
experimental possibilities and a good number of applications.
Among them we can mention, for example:
• Explain the very nature of the phenomenon and, eventually, predict its
existence.
• Discover superconducting materials and improve the known ones.
• Apply to many devices ranging from cables, that could save up to 10-12%
in the transport of electricity, to systems for detecting extremely small
magnetic fields –such as those produced by brain currents– and passing
through the celebrated magnetic levitation vehicles or the magnetic
resonance images, among many others.
The discovery of superconductivity, which 110th anniversary will soon be
celebrated, entered Physics to stay and has already given rise to more than a
dozen Nobel Laureates...¡
Closely related to he Physics of the problem, Chemistry and Materials
Science have been more and more involved in the search of new solids capable of
super-conduct. In the present introductory article, after a brief description of the
phenomenon, we will explore the evolution of the field in terms of the numerous
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and varied materials discovered and prepared since K.-Onnes discovery. In
particular, we will deal with the so-called high temperature superconducting
cuprates HTSC-Cu.
Up to six different chronological periods can be considered in terms of
the activity and productivity of the research in Superconductivity in the last
110 years. These will be briefly described in an essentially historical way that
culminates in our times where Room Temperature Superconductivity (RTSC)
has indeed been achieved but in thermodynamic circumstances that are not yet
practical in terms of daily applications
1. INTRODUCTION
The physical phenomenon of superconductivity –an exotic [2] property of
some materials– was discovered unexpectedly in 1911, in the famous Leiden
Laboratory (The Netherlands) by the Dutch physicist Heike KamerlinghOnnes. It was then observed, for the first time, that Mercury –incidentally a
rather special material [3] – showed no resistance to the passage of an electric
current when it was submerged in liquid helium, that is, when cooled below
about 4 degrees Kelvin.
Previously, K. Onnes had been able to liquefy helium, after which he tackled
the interesting problem of the evolution of the resistance of metals when being
cooled to very low temperatures; a problem that, at that time, was among the
most outstanding ones in Physics and which resolution was hindered by the
absence of sufficiently cold refrigerants.
Nearly 110 years after this discovery, Superconductivity has become a
fundamental condensed matter subject in which both experiment and theory
have made stunning progress. But also, the applications of this extraordinary
phenomenon: the absence –or almost¡– of electrical resistivity in, increasingly
numerous, materials, and in in spite of the fact that cooling, frankly very deep
cooling, is still needed are now a splendid reality.
Although we will not deal with the applications of superconductors, let alone
its tremendous economic importance (but see below*), in these introductory
notes, one has to say that, being able to make wires, one can make coils and,
of course, with coils on can make magnets. Superconducting magnets, by the
absence of resistance are used to produce very, very strong magnets. And with
–2–

this, one can made experiments like, in approximate order of use: Magnetic
Resonance Images –by far the most common use of superconducting materials–
Particle Accelerators –like CERN–, levitating trains… and an increasingly long
etcetera.
In another type of development based in the Josephson effect, one can set
up magnetic and electric field detectors which included in –so called SQUIDS
(from Superconducting Quantum Interference Device) that are able to sense
and measure very, very small fields and low currents, such as those produced in
the brain and studied my magneto-encephalography.
(*) According to the consulting firm CISION (https://www.prnewswire.com/newsreleases/superconductors-technologies-and-global-markets-300385873.html) The
global market for superconductivity technologies should reach $5.3 billion by 2021
from $3.4 billion in 2016 at a compound annual growth rate of 9.4%, from 2016 to
2021.
– The superconducting magnets market should reach $3.4 billion by 2021 from
$3.3 billion in 2016 at a CAGR of 0.9%, from 2016 to 2021.
– The superconducting electrical equipment market should reach $1.7 billion by
2021 from $63.3 million in 2016 at a CAGR of 92.5%, from 2016 to 2021.
2. THE PROPERTIES OF SUPERCONDUCTORS
2.1. Electrical Properties of Superconducting Materials
Three models tried to predict what would be the behaviour of the electrical
resistance in cooling the metals towards, absolute zero. Onnes’ experiments
showed Figure 1 that, in the case of mercury, the limit of that resistance was
effectively zero. The Nobel Prize for Physics came to crown, in 1913, the work
of Onnes and his team, although in his publications he usually appeared as the
only author [4] .
Figure 1. (Left) Evolution of the resistivity of different metals as a function
of temperature, according to their degree of purity; (right) variation of mercury
resistivity with temperature according to the experiments of H. Kammerlingh
Onnes (1911).
Soon after, new superconducting elements were discovered, Pb, Nb ... and
so on up to the 30 superconducting elements that are currently known at
–3–

promptly took the initiative of providing financial

 FIG. 4: A crucial page from the entry for 8 April 1911 in Kamerlingh Onnes’s notebook.
The highlighted sentence Kwik nagenoeg nul means “Mercury[‘s resistance is] practically zero
[at 3.0 K]” announcing the first observation of superconductivity. On the page left the sketch of
the functioning stirrer is seen. (Archive of the Boerhaave Museum, Leiden).

 FIG. 2: Resistance ratios of some metals versus temperature T in kelvin.

Left-hand panel (a): Several platinum and gold resistors of various purities
measured at different hydrogen temperatures. Pt-B was the first resistor
ever to be cooled to helium temperatures in the experiment of 2 December
1910. The constant resistance below 4.3 K contradicted Kelvin’s model for
conductance; the electrons did not freeze onto the ion lattice at absolute
zero. The remaining resistance was due to scattering of the electrons on
impurities. By making the metal wires purer, both chemically and physically
(by annealing out the lattice disorder), the resistance was shifted downwards by a constant value, demonstrating that Matthiessen’s rule is valid
down to the lowest temperatures. Right-hand panel (b): The resistance ratio
of Pt and Au compared to that of mercury (Hg, steep curve). Here, I denotes
the temperature range of liquid hydrogen, II that of liquid helium.
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Although the property most commonly considered when speaking of superconductors is
the electrical resistance –or, rather, its absence–, its exceptional magnetic properties are even
more important. The general interaction of a magnetic field with matter is essentially of two

or under pressure. And so, metals, semiconductors, insulators, molecular or
non-molecular solid species, and perhaps even liquids –just as Hg¡– can be
superconductors under suitable conditions of condensation [5]. Even more, NbSe2,
has recently been recognized as an intrinsic monolayer superconductor, due to the
occurrence of superconductivity without the need of a special substrate [6].
2.2. Magnetic Properties of Superconducting Materials
Although the property most commonly considered when speaking of
superconductors is the electrical resistance –or, rather, its absence–, its
exceptional magnetic properties are even more important. The general
interaction of a magnetic field with matter is essentially of two types: If the solid
is slightly attracted by the magnetic field, we speak of Paramagnetism, whereas
if the magnetic field is repelled it is said that the material is Diamagnetic. In the
first case the material has unpaired and disordered electrons that are oriented
in favour of the field. In the case of diamagnetism, however, all the electrons are
paired and, by a quantum-mechanical effect, the external magnetic field induces
in the interior of the solid a field opposite to the external field, which gives rise
to that repulsion. In this is based the spectacular phenomenon of magnetic
levitation, a phenomenon that disappears when the external field is removed.
As regards superconducting materials, they present diamagnetism in a
pronounced state, sometimes called superdiamagnetism. In the superconducting
state the material expels the lines of force of the external magnetic field and
this takes place independently of the way in which said state is reached which
indicates that it is a thermodynamic state. Therefore, the transition temperature
to the superconducting state, Tc, is a critical temperature. Meissner and
Ochsenfeld discovered this phenomenon in 1933, twenty-two years after the
discovery of K. Onnes.
In fact, when a superconducting material is introduced into a magnetic
field, one of two things can happen and one of two very different types of
superconducting materials can appear.
1) In the so-called Type I Superconductors, when the applied external field
Bap increases an induced field Bi appears, but only up to a certain value, that
constitutes the so-called critical field Hc; from there upwards superconductivity
disappears and the process is reversible: As the external field decreases,
superconductivity reappears.
–5–

2) In Type II superconductors, in increasing the external field Bap, the induced
field Bi appears at a certain value Bi1 from which it continues to grow, without
the superconductivity completely disappearing, until a second critical field Bi2
is reached. In the region between Bi1 and Bi2, the magnetic field progressively
penetrates into the superconductor. Moreover, the process is not reversible
and when the applied field is removed, the induced field does not disappear
completely –as happened in 1)– but a certain part of it is trapped. This allows
the critical fields of Type 2 superconductors to be much larger than those of
their Type I congeners and, thanks to this, Type II superconductors have many
more applications.
The penetration of the applied field takes place by means of vortices, or
magnetic eddies, analogous to those observed when we let a liquid out through
a drain.
2.3. Historical evolution of superconductivity
Throughout the almost 110 years that have passed since the discovery of
superconductivity, the development of new SC materials and their knowledge,
as well as the theoretical interpretation of their properties have gone through
different moments of greater or lesser activity and in order to relate, briefly,
this broad chronological period, we have separated its presentation, somewhat
arbitrarily, into six periods, each of which we will consider as follows:
First Act: From Mercury to Nb3Ge: 1911 to 1970. Tc ≤ 23 K
First Intermission: The crossing of the desert: 1970-1986.
Second act: High Temperature Superconductors 1986-1994. Tc ≤164 K
Second Intermission: Miscellaneous: 1994-2008.
Third Act: Pnicturos 2008-2014. Tc ≤ 54 K
Fourth Act: The influence of Pressure in Superconductivity
a) 
Mechanical Pressure: Hydrogen and Hydrides (1935, 1964-present
2019). Tc ≤ 203 K (and, as we will see, very recently, much more 260280 K)
b) Optical Pressure: Transient Superconductivity (Tc up to 350 K)
–6–

2.3.1. First Act: From Mercury to Nb3Ge: 1911 to 1973. Tc ≤ 23 K
In this period, after the discovery of mercury, the metallic elements were
studied, observing that niobium is the one that presents the highest critical
temperature, 9.25 K. At the present time we know, as we said, 53 superconducting
elements, 23 of them under pressure [7].
Then it began the study of the chemical compounds, first the oxides –
starting with the NbO, Tc 1.38 K what a disappointment! –afterwards the
nitrides– starting with NbN, Tc = 16 K what a satisfaction! a temperature much
higher than the metal; this gave an important boost to chemistry in the field of
superconductors.
The next step was trying the intermetallic compounds and, in particular,
many of them that crystallized with a common structure the so-called A-15:
The first of them, V3Si discovered by Hulm [8] and a whole family prepared
by Bern Mathias [9]; in particular Nb3Sn (Tc=18.3 K) t has been mostly used
due to its interesting mechanical; but the intermetallic compounds of that type
reached their maximum critical temperature with Nb3Ge (Tc 23.2 K). This
was the absolute limit of critical temperatures for more than thirteen years.
Nevertheless, since they were metals, that is to say ductile and malleable materials,
they allowed, with ease, the extrusion of threads and from them make coils and,
with the coils, very powerful magnets could be made; this eventually led to
technological advances of the importance of Nuclear Magnetic Resonance - of
enormous utility in the laboratory and in the clinic and, among many others, the
highly publicized magnetic levitation train. One of them still works on the way
from Shanghai to its main airport. It should be noted that with these materials,
which are certainly very interesting, it is necessary to use liquid helium, which
greatly increases the expense of its use.
2.3.2. First Intermission: The crossing of the desert: 1973-1986
In fact, between 1940 and 1973, although superconductivity had entered
Physics, the progress of the critical temperature was about three degrees per
decade: The ambient temperature was, therefore, far... far away.
Two very important materials were discovered at the beginning of this
period, though: Both of them were, in fact, solid solutions [10] i.e. materials
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which properties are controlled by their –variable– composition, in this context
called stoichiometry. And both had rather low critical temperatures.
The first one, Li1-xTi2+xO4: Johnston [11] (1973), having the well known
Spinel structure –that had been previously very much studied in the context of
ferrites, and showing a critical temperature Tc = j(x) with Tcmax ≈ 13.6 K. The
second one BaxPb1-xBiO3: Sleight [12] (1975), with the perovskite structure and a
critical SC temperature, also a function of x and, coincidentally, Tcmax ≈ 13.1 K,
quit close to the previous one.
Unfortunately, no other oxides with the spinel structure –of which there
are hundreds¡– have been found to be superconducting. An uncomfortable
fact that could eventually be explained when a comprehensive theory of
superconductivity is established… Much on the contrary, as will be seen in next
section, the perovskite structure –also well known in both Earth and Materials
Sciences, has been the most fertile ground as a support for superconducting
materials in the last thirty years.
However, although superconductivity was still being studied and researched,
and even if applications continued to develop, it was a period of less enthusiasm
for the subject. It has been said in this regard that the famous French physicist
Pierre Gilles de Gennes, author of important works and of one of the best texts
on the subject declared: “Superconductivity is finished”. Anyhow, in 1991 he
received the Nobel Prize in Physics [13] for the ensemble of his works, including
those of superconductivity.
2.3.3. Second Act. High Temperature Superconductors 1986-1994 (Tc ≤164) K
Although, as we have already mentioned, in the previous period, a
mixed superconducting oxide with the perovskite structure, the solid
solution Ba(Pb1–xBix)O3, the enormous importance of this structure for
superconductivity, already well known in Chemistry, Geology and Material
Science, was not revealed until the discovery by Bednorz and Muller
that another solid solution [14] also derived from perovskite and general
formula La1-xBaxCu2O4, (known as BALACUO) was the first of the
celebrated High Temperature Superconducting Cuprates [15]. Effectively,
resistivity measurements –but not magnetic measurements¡– showed the
presence of superconductivity below about 30 K. Two other elements of the
Alkali Earths group, Ca, and Sr gave similar transitions and, as it turned out,
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not simply because Tc was so high¡. It also meant that the phenomenon of
superconductivity stopped “belonging” to Low Temperature Physics and
became one more chapter of the Physics and Chemistry of the Solid State
and indeed of the Science of Materials, since its preparation, observation
and study became accessible to most science laboratories provided they had a
liquid nitrogen supply, as opposed to helium, something rather uncommon at
the time and increasingly rare at present [19].
Figure 2a shows the evolution with the temperature of the first
superconducting material of this type prepared in Spain [20] and, in 2b, the
crystalline structure of the same. The Metal/ Superconductor transition can be
observed with clarity when the temperature decreases. And YBCO has been,
and continues to be, the object of all kinds of studies with as many experimental
techniques as are adequate and analysed with a multitude of theoretical models
[21]. As one could imagine, the search for superconducting materials did not
stop there, thanks very much to imagination, effort and the participation of
hundreds of laboratories from all over the world, the critical temperature was
gradually rising as it was the number of materials - from then on called High
Temperature Superconductors abbreviated with its acronym HTSC or, often,
HTc Superconductors).
And, in this authentic race, in which patents and publications [22] are
intermingled, little by little records have been reached for different chemical
compositions that, all, had in common the presence of Copper-Oxygen planes,
those formed by the bases of the pyramids of Figure 2b. In this way and “without
touching” said planes, but varying their number per unit cell, and the rest of the
cations of the structure different families of cuprates have been obtained with
increasing temperatures: this is the bismuth family name (Bi2Sr2Ca n-1CunOy
with n = 1, 2 and 3) with Tcmax = 110 K, the thallium one... and, finally,
that of the mercury cuprates: HgBa2Can-1CunO2n + 3, in which the compound
with n = 3: HgBa2Ca2Cu3O8, discovered by Antipov, Marezio [23] et al in an
intergrowth of the earliest Mercury cuprates, and prepared pure by Schilling et
al [24] in 1993, turns out to be the material with the highest critical temperature
so far, determined at atmospheric pressure: Tcmax = 135 K.
So that, just seven years after the aforementioned discovery by Bednorz and
Muller of HTSC materials, the maximum critical temperature had multiplied
by 4 in relation to Balacuo and now, that is, twenty-six years later, it is still
– 10 –

there for the cuprates. Indeed, until now, no other chemical species with higher
Tc has been found at ambient pressure. This does not mean, however, that Tc
has not risen substantially, but rather that it has done so under more complex
conditions. This same mercury based material was shown to have a Tc of 157 K
under a mechanical pressure of 23.55 GPa [25] and the still higher Value of
164 K at 31 GPa [26].
As we will see below, the use of electromagnetic radiation in the Terahertz
region in YBCO, or quite high mechanical pressures in a different type
of, hydrogen based, materials has put the bar close to, even above¡, room
temperature.
2.3.4. Second intermission: Miscellaneous: 1994-2008
Thus, as from1994, although the search and study of superconductors
continued, albeit with a moderately decreasing intensity, and quite a lot of new
superconducting materials, and of various types, were found, the 135 K mark
had not been surpassed. Nonetheless, among these new superconductors there
are some extremely suggestive materials.
In this brief miscellany, we can highlight the Rutheno-Cuprates
RuSr2RECu2O8 [27] with Tc ~ 35-51 K, which present the very interesting
and relatively rare coexistence of superconductivity and magnetism, Figure 3,
two properties which, in general, are considered incompatible Ginzburg [28].
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Also, the nitro-halides MNCl (M = Zr, Hf, Ti), as MxHfNCl: ~ 15-25 K
where Tc can be controlled by adjusting the structural dimensions and the number
of carriers: These interesting materials are described in Amparo Fuertes’ chapter.
Very exciting are likewise the molecular superconductors obtained as
intercalation compounds of the fullerenes [29] MxC60: with Tc values up to TC~
48 K, in the Rb/Tl codoping of C60/C70 mixtures. Interestingly, some very highpressure intercalation of alkali-earth metals in these molecules, by means of shock
wave experiments have given superconductors with Tc’s of the order of 30 K [30] .
Somewhat surprisingly the very interesting, and relatively common
pyrocholore structure has only a very few superconducting representatives, like
the KOs2O6: ~ 6-12 K [31] , and Cd2ReO7 with Tc =1K [32] ; in some respects,
this is a similar case to that of the spinel structure, which is also very common
and well known and only shows one [33] superconducting oxide LiTi2O4.
A special mention deserves, however, magnesium diboride, MgB2, a material
known since the early fifties [34] and whose superconducting properties,
including a critical temperature of 39 K, were found by Akimitsu et al in
2001 nearly fifty years later¡¡¡ Obviously, had it being measured for electrical
conductivity in the early study, it will have been the first HTSC material. Yet,
it will not necessarily had open the way to the illustrious cuprates since. besides
been quite different to them –and, also, it is just one material, not a family of
families¡. In any case, it is a very interesting material for its hexagonal structure
of alternating layers of boron and magnesium, Figure 4, in which the boron
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forms a covalent lattice analogous to that of graphite, while the magnesium ions,
which yield two electrons to them, form interspersed triangular elements.
This suggests that superconductivity is associated with the metallic nature of
the boron atom network. While we will not enter into the detail in here, it should
be mentioned that MgB2 was considered, at first, a conventional superconductor
with the highest Tc: This means that the observed superconductivity could be
explained by the electron-phonon mechanism that describes the first complete
theory of superconductivity. The denominated Theory BCS, of the name of
its authors. Yet, various studies of its SC properties show a rather elaborated
behaviour with two SC gaps [35].
Magnesium boride, due to its simple and cheap synthesis and its interesting
superconducting properties, can be used in different applications, such as
magnets for NMR. In these cases the powder is compressed in a tube of silver
or steel and, once extruded or laminated, it is used as wires or tapes for coil
windings.
2.3.5. Third Act: Pnictides 2008-2014. Tc ≤ 55 K
This period is significantly more fruitful than the previous one in terms of
materials families and was marked by the discovery by Hosono and his research
group [36] of a new type of superconductors that are reminiscent of the cuprates,
as their structures are quasi-two-dimensional. In chapter XX a very interesting
review appears on this important topic on the part of Dr. Hosono himself.
2.3.6. Fourth Act: Influence of the Pressure on Superconductivity
We will split this period in two, partly coexisting, chronological parts:
a) Mechanical Pressure: Hydrogen and Hydrides (1935, 1964-present:2019).
Tc ≤ 203 K (and, as we will see, very recently, much more 260-280K¡)
The relations of hydrogen with pressure come from a long way and have to
do with what is called condensed matter, of relevance in many properties like
superconductivity or in the internal structure of giant planets, etc. Indeed, it
is accepted that Jupiter has a rocky core wrapped in a layer of metallic liquid
hydrogen –which, in its rotation, generates the Jovian magnetic field: the largest
object of our solar system– and that this is, in turn, covered with another, outer
layer of molecular hydrogen.
– 13 –

By a long way we mean that, as early as 1935, a British nationalized Irish
crystallographer, John D. Bernal, quite famous as much for his crystallographic
knowledge [37] than for his political engagement, suggested “all materials
would be made metallic at sufficiently high pressures”. In the same year, Wigner
and Huntington predicted that “at 0 K and a pressure of 25 GPa, hydrogen would
exhibit metallic properties”. Many years later, in 1963, Abrikosov (Nobel Prize in
Physics in 2003, together with Ginzburg and Legget) predicted, in turn, that
“the coupling mechanism of the Cooper pairs must improve under pressure”, which
would imply a progress in the superconducting properties. Subsequently, in
1968, Neil Ashcroft, a British physicist based at Cornell University, suggested
that “metallic hydrogen could be superconducting at room temperature (≈290 K)
due to a strong electron-phonon coupling”. In any case, after those predictions,
superconducting metallic hydrogen at ambient temperature is considered “The
Holy Grail of Physics” or, rather of, Materials Science [38].
After reiterated efforts on the element [39], hydrides i.e. Hydrogen related
materials, have arrived to the scene with non less than spectacular results. The
story continues at this day but we will not go into detail here and now, since the
respective contributions of Silvera, Eremets, and Hemley in this Monograph,
cover, with more knowledge of cause, such a fundamental issue [40]. From this
work, it would appear that LaH10, is really a room temperature superconductor
(RTSC) albeit… under very high pressure see also the chapter by Hemley.
b) YBCO and other materials under optical stimulation (2012-2019):
transient Tc up to 350 K!
One of the latest approaches to the study of high temperature
superconductivity is the pump and probe experiments, a modality of optical
spectroscopy in which matter is excited with an intense beam of light and
immediately afterwards the excited state is studied spectroscopically. Although
this technique is usually used in molecular chemistry, a series of recent studies in
particular from Andrea Cavalleri’s laboratory have shown their usefulness in the
solid state. Specifically, by subjecting the well-known YBCO (Tc ≤ 96 K), to
pulses of radiation in the region of the Terahertz (1 THz <> 0.3mm <> 4.1
meV) a single copper-oxygen bond per unit cell is excited, precisely the one
corresponding to the apical oxygen of the pyramids [Cu-O5] which bases
constitute the SC planes, as shown in Chapter 1, Figure 2b; as a consequence,
the said oxygen approaches the base of the pyramids, whose bases form,
– 14 –
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Thus, by this procedure Tc values are
 reached that are even well above
room temperature, even above the mean of the Earth equatorial temperature
(~30 ºC). Again, it might seem, therefore, that the Holy Grail of the Physics,
Chemistry and Materials Science had been reached. But, this is not really
the case because, although the experiment attains room temperature Tc, the
superconducting state that, incidentally, can only been detected by optical
conductivity and Josephson resonance [41], lasts of the order of picoseconds
(10-12 seconds¡); obviously, these are not practical conditions, in temporal terms
for thinking about applications... Thence, once again, the attaining of the Holy
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Grail, although perhaps closer and closer, keeps us still waiting… but, surely, not
waiting still¡.
It is nevertheless important to highlight the interesting point of the
 atomic
mechanism that gives rise to the increase of Tc up to such very high levels:
i.e. the approaching of the apical oxygen to the basal plane of the pyramids.
Indeed in the case of the pump and probe experiments this approach is, as
we say transient: it only lasts a very small fraction of a second. It is therefore a
question of ensuring that these materials maintain these interatomic distances
permanently at ambient conditions. Yet, similar observations of this mechanism,
but with a permanent temporal duration, have been reported [42] [43] [44], yet
the critical temperatures attained up to now are much lower that the indicated
records.
Obviously, works are being developed in that direction but as indicated, the
results, although hopeful, are still very far from this important objective.
3. CONCLUDING REMARKS
The history of superconductivity, which extends over the last 108 years,
constitutes one of the most important chapters of 20th century science and
maintains an enormous interest in the 21st century. Along this period, there
have been important breakthroughs in the three sciences that support its
understanding: Physics, Chemistry and Materials Science. Precisely, the
complexity of these materials, especially the most interesting ones, has led to a
very beneficial collaboration between scientists of all these disciplines.
Figure 6 shows, schematically and in chronological order, the evolution of the
critical temperature of the most significant known Superconducting Materials
over time.
Although Superconducting applications have been essentially outside
the scope of this Areces Symposium, given the tremendous applications of
superconductors, both present and, especially, future if the expected achievement
of Room Temperature Superconductors (RTSC) is really attained, it will enlarge
an already extensive gateway to technology and innovation. As an example, of
the practical importance of superconductors Figure 7 shows the applications that
can already being done with HTSC at liquid nitrogen temperatures, according to
one of the main manufacturers: Superconductor Technologies Inc. [46].
– 16 –
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Figure 6 shows, schematically and in chronological order, the evolution of the critical
temperature of the most significant known Superconducting Materials over time.
Although Superconducting applications have been essentially outside the scope of this Areces
Symposium, given the tremendous applications of superconductors, both present and,
especially, future if the expected achievement of Room Temperature Superconductors (RTSC)
is really attained, it will enlarge an already extensive gateway to technology and innovation. As
an example, of the practical importance of superconductors Figure 7 shows the applications that
can already being done with HTSC at liquid nitrogen temperatures, according to one of the main
manufacturers Superconductor Technologies Inc.45.

Figure 7. Ensemble of many of the applications that can be done with HTSC. Taken from
Superconductors technologies Inc. (reference46).
https://www.suptech.com/superconducting_applications_n.php
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Abstract
This lecture is dedicated to introducing the non-specialist into the amazing
world of high pressure science. Other lectures in this monograph will illustrate
how the search for high temperature superconductors has greatly benefited
from high pressure synthesis, and how the pressure variable also helps to better
understand the properties of these fascinating materials. In this respect, it
should be noted that understanding most high pressure phenomena, including
superconductivity, often requires a multidisciplinary approach. In this way, a
quick look will be taken at the most commonly used high pressure devices, putting
especial emphasis on the diamond anvil cell, together with the fundamentals to
understand physical changes and chemical reactivity under high pressure.
1. INTRODUCTION
One of the greatest problems in high pressure consists in specifying what
we mean by high pressure, since it may depend on the phenomenon we
are studying. In any case, there is a certain consensus in considering that
high pressure phenomena are those that occur at pressures larger than 1.000
atmospheres, although terms such as ultra-high pressure have been coined to
refer to phenomena involving pressures of the order of one million atmospheres
or higher.
Pressure, as a physical variable, is defined by the amount of force acting per
unit area. This definition is of key importance for measuring the absolute
pressure and for classifying the pressure scales. However, the design and principle
of operation of all equipment used to generate high pressure can be rationalized
better if we recognize that the product of pressure and volume has units of
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energy. As a general rule, the maximum pressure that can be reached in a given
experiment depends on the volume of sample that we want to study or transform,
since it depends on the amount of energy that we are able to store and hold
within the operation volume. This imposes some limits on the volume of the
sample that can be compressed (or processed) and indirectly limits the diagnostic
techniques that can be coupled to our device for studying a sample. These
limitations apply also to pressure gauges, thus requiring secondary pressure
scales to measure, or sometimes just to estimate, the pressure to which the sample
is subjected. On the other hand, it is always necessary to consider the mechanical
strength and optical properties of the materials used to build high pressure
devices and, ultimately, it is necessary to be aware that there are some high
pressure experiments that are not always feasible at the laboratory level.
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Figure 1. Approaches required to study matter under extreme conditions and typical
temperature ranges accessible to the different high pressure techniques.

pressure and temperature ranges accessible to the different high pressure techniques.
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to compare directly. Although here we shall focus on the static techniques, it
must be stressed that dynamic experiments are decisive for the progress of high
pressure science, since the use of the Rankine-Hugoniot relation allowed to
derive thermodynamic equations of state for static experiments.
2. SOME MILESTONES IN HIGH PRESSURE SCIENCE
The foundations of high pressure science were laid during the first decades
of the 20th century, when Percy W. Bridgman conducted a huge number of
experiments spanning a variety of scientific fields; he is the only high pressure
scientist to win a Nobel Prize, that of Physics in 1946. Among other advances,
Bridgman designed techniques for obtaining and determining pressures up to
100 kbar, and applied these techniques to the study of fundamental properties
of matter such as the equation of state, thermal and electrical conductivities,
viscosity or electrical resistance. [1]
On the other hand, the success in diamond synthesis by the General Electric
team in 1954 transformed high pressure into something interesting from a
technological point of view, for which it was necessary to design what are
known as large volume presses. [2] Some of these techniques are still used for
the synthesis of materials –including high temperature superconductors– as is
the case of the Belt-type large volume press that will be cited in this monograph.
But surely the definitive milestone on the high pressure scientific scene was
the development in 1959 at the National Bureau of Standards (NBS) and at the
University of Chicago of the first design of what is now known as diamond anvil
cell (DAC). The basic design of a DAC consists of two diamonds arranged in a
system of opposing anvils, between which the sample is placed, so the diamonds
act simultaneously as pressure transmitters and optical windows. The first
experiments were conducted with the sample directly placed between the anvils,
so the sample (necessarily a solid) was subjected to non-hydrostatic conditions
(i.e. a stress gradient from the centre of the anvil to the outside of the cell) and
the measured pressure was always an average value. This problem was solved in
1964 by introducing a metal gasket between the diamonds in which a hole was
drilled to contain the sample, thus reducing the stress gradient and increasing
the stability of the cell, as well as extending high pressure studies to fluids and
solutions. During the 1970’s, other breakthroughs were the discovery of pressure
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3. PRESSURE EFFECTS: PHYSICAL AND CHEMICAL
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Pressure causes very drastic changes in the structure and behaviour of matter:
it converts normal liquids into spectacular crystals or gases into exotic metals, as
Pressure causes very drastic changes in the structure and behaviour of matter: it
aconverts
consequence
of the modification of distances and bond angles, and ultimately,
normal liquids into spectacular crystals or gases into exotic metals, as a consequence of
of
intensityofofdistances
interatomic
interactions
bonding
thethe
modification
and bond
angles, andand
ultimately,
of patterns.
the intensity of interatomic
interactions and bonding patterns.

From a thermodynamic point of view, only one structure is stable under
certain
pressure and point
temperature
conditions.
Theis global
and certain
local minima
of
From a thermodynamic
of view, only
one structure
stable under
pressure and
free
energyconditions.
representThe
stable
and
structures,
respectively.
a
temperature
global
andmetastable
local minima
of free energy
represent When
stable and
metastable
structures,
respectively.
When
a
given
phase
transition
is
associated
with
a
large
given phase transition is associated with a large kinetic barrier, high pressure
kinetic barrier,
high pressure
phases may
remain
metastable
under ambient
conditions,
paving
phases
may remain
metastable
under
ambient
conditions,
paving
the way
for
the way for high pressure chemistry and attracting great interest in both science and
high pressure chemistry and attracting great interest in both science and
technology.[4]
technology.[4]

Figure3. 3.Schematic
Schematic
effects
of pressure,
temperature
and photophysical
excitation
on a
Figure
effects
of pressure,
temperature
and photophysical
excitation
on a generic
generic
potential
diagram.
Combination
thesemain
threeeffects
main are
effects
to promote
potential
energyenergy
diagram.
Combination
of these ofthree
usedaretoused
promote
phase
phase
transitions,
chemical
reactivity
and synthesis
of novel materials.
transitions,
chemical
reactivity
and synthesis
of novel materials.

Thegraphite-to-diamond
graphite-to-diamond
transition
the archetypal
The
transition
is the is
archetypal
example,example,
and the and
studythe
of study
phase
of
phase
transitions
and
associated
polymorphism
is
one
of
the
most
genuine
transitions and associated polymorphism is one of the most genuine phenomena in high pressure
science, but also
materials
science
and geology,
sincein
minerals
in thescience
deep interiors
of planets
phenomena
ininhigh
pressure
science,
but also
materials
and geology,
are under
conditions
highdeep
pressure
and/or temperature.
since
minerals
in ofthe
interiors
of planets are under conditions of high
pressure and/or temperature.

In many cases, the new high pressure polymorphs sometimes show unusual stoichiometry and
mayInexhibit
andthe
unexpected
chemical
and physical
properties.
The most show
obviousunusual
example
manynovel
cases,
new high
pressure
polymorphs
sometimes
here
is
that
some
chemical
elements
become
superconductors
under
pressure
and
will be
stoichiometry and may exhibit novel and unexpected chemical and physical
discussed in length in other lectures of this monograph.

properties. The most obvious example here is that some chemical elements
become superconductors under pressure and will be discussed in length in other
lectures
this monograph.
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4. SOME REMARKS AND ADVICES ABOUT HIGH PRESSURE
One of the aims of this introductory lecture is to remark the difficulty involved
in performing a successful high pressure experiment and how the phenomenon
to be studied determines the ideal technique for carrying it out. And it must be
borne in mind that it is not always possible to adapt high pressure techniques to
certain experiments.
For some practical applications the DAC has the obvious limitation of the
small size of the sample, since the diameter of the chamber rarely exceeds 200300 microns, thus requiring the use of microscopic probes or highly specialized
techniques. The use of diamonds may also present drawbacks, which could limit
the success of an experiment. For instance, the maximum temperature inside
the cell is around 700 K, due to the starting of graphitization of diamond. In
addition, some spectroscopic experiments can be restricted by the relatively
limited optical transparency of the diamonds in both UV and IR limits.
As most of the characterization techniques imply different electromagnetic
radiation, gems of defined high hardness and optical properties are chosen.
Thus, the importance of the anvil selection not only depends on the mechanical
properties but also on the proper optical transparency to ensure the sample
characterization. One has often to find a compromise between the optical
requirements and the demand of the high pressure cell design. The most
used material to study the region of near UV, visible and medium infrared
is synthetic sapphire, achieving pressures typically below 10 GPa; another
gen recently introduced is synthetic moissanite (6H-SiC), which allows high
pressure experiments up to ca. 40 GPa.
In addition, a major difficulty in high pressure science is precisely to implement
a method to determine the pressure quickly, accurately and reproducibly. Thus,
pressure metrology and the development of pressure scales are intimately related
to the stress conditions of a given high pressure experiment. If the high pressure
device has no optical access to the sample chamber, a common, convenient and
sensitive secondary pressure sensor is the manganin gauge, which Bridgman
already demonstrated to have a known dependence on electrical resistivity
pressure. If a material is used as a pressure gauge in diffraction experiments
(e.g. NaCl, gold o lead), it is quite important to evaluate the stress distribution
acting upon the calibrant, since the pressure will be deduced from a known
thermodynamic equation of state.
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Theoretical modelling is quite helpful in this respect, and the study of the
behaviour of gold in the Mbar range has been a good example of how to proceed
correctly. In the particular case of the DAC, the most common way to determine
the pressure is based on the displacement observed on the luminescence of ruby
(Cr3+ doped Al2O3) with increasing pressure. The two main luminescence bands
of ruby (R1 and R2) and their pressure shift show a linear dependence at pressures
up to ca. 10 GPa, however, at higher pressure the dependence becomes clearly
sublinear. The main advantage of this secondary, not absolute, scale is that a (not
so) simple measurement of the frequency shift of the R1 band gives an accurate
estimation of the using the several relationships proposed in the literature. In
this regard, note that this scale has been reviewed and reformulated several times
over the past decades, and a good practice is to recalculate/update the old results
to the most recent and accurate scale. Unfortunately, this is not always possible,
since the original data are not available or the pressure relationship used is not
mentioned, so care must be taken when comparing old data referred to the ruby
luminescence scale, particularly at very high pressures.
Concerning the selection, use and performance of pressure transmitting
media to provide hydrostatic (or quasi-hydrostatic) conditions, different media
have been used and all have advantages and drawbacks: (i) liquids (alcohol
or alcohol mixtures (methanol-ethanol 4:1), silicone oil), which are readily
available but have relatively low hydrostaticity limits; (ii) soft solids (CsI, NaCl,
KBr) which are good for laser heating, provide good insulation, and can be
annealed at high pressure, but their hydrostatic limit is also low (around 7-8
GPa) and they are hygroscopic; (iii) powdered hard solids (MgO or alumina)
that provide good thermal insulation, but are essentially non-hydrostatic; and
(iv) condensed gases (He, Ne, Ar, nitrogen) that are the best pressure media for
room and low temperature experiments, but are difficult to load and dedicated
gas-loading or cryogenic installations coupled to the DAC are required.
Some typical questions that arise during the interpretation of a given high
pressure experiment concern how the pressure is measured or estimated and
whether deviations from hydrostatic conditions occurred during an experiment.
Consequently, any comparison between a truly hydrostatic simulation or a
theoretical model and a given experiment must be as honest as possible and
performed with extreme care. Achieving truly hydrostatic conditions is not
always easy during high pressure experiments and at sufficiently high pressures,
certainly is an impossible task. Another general warning is that more often than
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desired the formation of metastable states related to non-hydrostatic conditions
complicates the reproducibility of the experiments.
As a general rule, we should discuss the high pressure results in terms of
a quantity closely related to pressure, namely stress. Of course, theory may
easily deal with different stress distribution scenarios, but in most cases it is
unlikely that the experimental information could allow us to assess the real
stress distribution in a sample. In general, the estimation of non-hydrostatic
components in many high pressure experiments is not at all straightforward.
We can analyse pseudo-hydrostatic or quasi-hydrostatic conditions in the hope
that the existing deviations from hydrostaticity do not affect the conclusions of
the study greatly. The reliability of some pressure scales is also often disputed
due to the non-hydrostatic natures of the experiments, and such debate will very
likely continue for a long time. In any case, most natural phenomena including
those we are trying to replicate in our laboratories are non-hydrostatic, and their
understanding is probably among the most luring and challenging aspects of high
pressure research. In fact, it is increasingly common to perform non-hydrostatic
experiments, which paradoxically returns us to the early days when the DAC
was developed and before gaskets and hydrostatic media were introduced.
Finally, it should be noted that the understanding of many of the high
pressure phenomena has often been limited by the existing theoretical support.
From the fundamental view, the behaviour of materials at high pressure is still
poorly understood, and the usual rules that apply to zero-pressure physics and
chemistry are essentially useless when matter is subjected to extreme conditions.
This makes high pressure research an interesting but sometimes virtually
unexplored field of study.
Fortunately this situation is constantly improving thanks to the development
of computational techniques, which are nowadays inseparable companions of
most experimental studies. In this sense, computational simulation must be
considered, in its own right, as a high pressure technique, and its prominence
in the study of superconductivity will be demonstrated in other lectures later in
this monograph.
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Abstract
In this manuscript we show a complete structural and magnetic
characterization on two synthesized series of compounds: RCu3Mn4O12 and
RCu3(Mn3Fe)O12 (R= rare earths). We have analyzed and compared the effect of
the internal chemical pressure vs. external applied pressure from the structural and
magnetic point of view. Results show that the application of external pressure
increases the magnetic ordering temperature, TC, as occurs with the internal
chemical pressure effect by substituting R cation from La3+ to Lu3+. In this sense,
we have found that the studied samples with a ferromagnetic temperature close
but below room temperature can be magnetically ordered at room temperature
upon the application of external pressure. We have found therefore that this
family of compounds can behave as magnetic switches at room temperature
operated by external pressure.
1. INTRODUCTION
Transition metal oxides are known by their useful properties for different
applications. Among these oxides, the perovskite structure and derivatives
constitute one of the broadest and most fruitful families of materials in
Condensed Matter and Materials Science. This structure includes a wide range
of compounds since it can accommodate most of the metallic cations of the
Periodic Table, which define their physical and chemical properties and thus
their potential technological applications.
Proc.Int.Symp “Superconductivity and Pressure
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The unusual ordered arrangement of the A-site ions in ABO3-type perovskite
give rises to a wide series of compounds with the formula A’A3B4O12 [1]. These
oxides crystallize in the cubic space group Im3–  , where BO6 octahedra are strongly
tilted in such a way to produce a square planar coordination for A cations. Very
interesting and unexpected properties have been found for different compounds
of this type; from giant dielectric constant for CaCu3Ti4O12 [2], valence
degeneracy of Cu and Ru in ACu3Ru4O12 [1], to a large magnetoresistance
(MR) effect for CaCu3Mn4O12 [3]. In particular, the oxide CaCu3Mn4O12 has
the originality of containing Jahn-Teller Cu2+ cations at the A positions of the
perovskite, ordered with Ca2+(A’) in a 1:3 arrangement, essential characteristic
to stabilize the structure and it plays an important role on the properties of
these materials. It exhibits semimetallic and ferromagnetic properties, with
particularly high ferrimagnetic ordering (TC) temperature values, well above
room temperature (355 K). The good stability around room temperature (RT)
makes it an excellent candidate for technological applications. This compound
was first reported by Chenavas et al. in the 1970s [4].
Many AA’3B4O12 perovskites require high-pressure preparation techniques
(at pressures up to 7 GPa). Recently, we have been able to synthesize some new
derivatives of CaCu3Mn4O12 at moderate pressures of 2 GPa, starting with very
reactive precursors, obtained by wet-chemistry techniques [5].
On the other hand, pressure, as a physical variable, is defined by the
amount of force acting per unit area. It is worth mentioning here that
pressure, as thermodynamic variable, has the widest range of variation, from
the 10-32 bar existing in the interstellar space to the 1032 bar at which some
processes take place inside some stars. What we call ambient pressure is an
exceptional situation in the universe. Pressure can be used for synthesizing
new materials (by combining high pressure and high temperature conditions)
and for characterizing materials (from the point of view of optical, magnetic,
electronic and transport properties).
With the aim of improving the magnetic properties of parent CaCu3Mn4O12
compound, we have synthesized the RCu3Mn4O12 and RCu3(Mn3Fe)O12
(R=rare earths) series. We have carried out a complete structural and magnetic
characterization on these two synthesized series. In this manuscript we analyze
and compare the effect of the internal chemical pressure versus the high external
applied pressure from the structural and magnetic point of view [6, 7]. Results
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show that the application of external pressure increases the TC as occurs with
the internal chemical pressure effect. Therefore, samples showing a TC below but
close to room temperature, can switch to magnetic samples at RT by the simply
application of external pressure.
2. EXPERIMENTAL
The elaboration of the materials belonging to RCu3Mn4O12 and
RCu3(Mn3Fe)O12 (R= rare earths) series required the previous preparation
of reactive precursor powders by a wet-chemistry technique. Stoichiometric
amounts of rare earths oxides, Cu(NO3)2⋅3H2O, MnCO3 and FeC2O4·2H2O were
dissolved in citric acid. The solution was slowly evaporated, leading to an organic
resin which was dried at 120 ºC. The sample was then heated at 600 ºC for 12 h in
order to eliminate all the organic materials and nitrates. The so-formed precursor
powders were thoroughly ground with KClO4 and put into a gold capsule (8 mm
diameter, 10 mm length), sealed, and placed in a cylindrical graphite heater. The
reaction was carried out in a piston-cylinder press (Rockland Research Co.), at a
hydrostatic pressure of 2 GPa and 1.000 ºC for 60 min. Then the materials were
quenched to room temperature and the pressure was subsequently released. The
“in-situ” decomposition of KClO4 provides with high O2 pressure required to
stabilize Mn4+ cations. The ground product was washed in a dilute HNO3 aqueous
solution, in order to dissolve KCl coming from the decomposition of KClO4 and
to eliminate small amounts of unreacted CuO; then the powder samples were
dried in air at 150 °C for 1 h.
The characterization by X-ray diffraction (XRD) was performed using a
Bruker-axs D8 diffractometer (40 kV, 30 mA), controlled by a DIFFRACTplus
software, in Bragg-Brentano reflection geometry with CuKα radiation
(λ=1,5418 Å). Room-temperature and low temperature high resolution neutron
powder diffraction (NPD) patterns were collected at the D2B diffractometer
of the Institut Laue-Langevin, Grenoble (France), with a wavelength
λ=1,594 Å. For R= Sm, Eu and Gd high-resolution synchrotron x-ray diffraction
patterns were collected at the SpLine beam line at ESRF (Grenoble, France),
with λ= 0,8255 Å. The NPD and XRD patterns were analysed by the Rietveld
method, using the FULLPROF program.[8] The dc magnetic susceptibility was
measured with a commercial SQUID magnetometer on powdered samples in
the temperature range 5-650 K with an applied field of 0,1 Tesla. High pressure
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magnetic susceptibility was measured with a commercial SQUID magnetometer on powdered
samples in the temperature range 5-650 K with an applied field of 0,1 Tesla. High pressure
magnetic measurements were carried out on one hand with the Paris-Edinburgh Press for NPD,
and on the other hand with a Turnbuckle diamond anvil cell [9] on a commercial SQUID.

magnetic measurements were carried out on one hand with the Paris-Edinburgh
Press for NPD, and on the other hand with a Turnbuckle diamond anvil cell [9]
on a commercial
SQUID.
3. RESULTS
AND DISCUSSION
3. RESULTS AND DISCUSSION

3.1. RCu3Mn4O12 Series

3.1. RCu3Mn4O12 Series

40

224

022
112

002
20

RCu3Mn4O12

LuCu3Mn4O12

013
222
123
004
114

CuKa

011

Intensity (arb. units)

The
reaction products were identified as single-phase cubic perovskites by
The reaction products were identified as single-phase cubic perovskites by XRD. A
XRD. A representative
XRD diagramto corresponding
LuCu3Mn
O is
4 12 1 (Left). The
representative
XRD diagram corresponding
LuCu3Mn4O12 isto
illustrated
in Figure
illustrated
in
Figure
1
(Left).
The
pattern
shows
sharp,
well
defined
superstructure
pattern shows sharp, well defined superstructure reflections due to the 1:3 ordering of R and Cu
reflections
due to phases
the 1:3were
ordering
of Rfrom
and either
Cu cations.
NoNPD
impurity
phases were
cations.
No impurity
detected
XRD or
data. Identical
diagrams were
detected
from
either
XRD
or
NPD
data.
Identical
diagrams
were
obtained
for
all
obtained for all the samples.
the samples.

60

2q (deg)

1. XRD
(Left)pattern
XRD for
pattern
Mn4O12in indexed
in acell
cubic
cell with Å.
FigureFigure
1. (Left)
LuCu3for
Mn4LuCu
O12 indexed
a cubic unit
withunit
a= 7,2409(1)
3
a=7,2409(1)
Å.
(Right)
View
of
the
crystal
structure
of
RCu
Mn
O
.
(Right) View of theFigure
crystal structure
3
4 12
SI-1 of RCu3Mn4O12.

The NPD and synchrotron XRD patterns were refined by the Rietveld method
taking as starting model that described for CaCu3Mn4O12, space group Im3–  , Z=2.
3
R atoms were placed at 2a (0,0,0) positions, Cu at 6b (0, ½,½) positions, Mn at
8c (¼,¼,¼) and O at 24g (x,y,0) sites. Mn atoms were introduced at random at
6b positions together with Cu, and the complementary occupancy factors were
refined, constrained to a full occupancy. The refinement of the occupancy factor
for the oxygen positions gave no significant deviation from the full stoichiometry.
Taking into account the amount of Mn3+ localized at Cu2+ positions, the valence
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The NPD and synchrotron XRD patterns were refined by the Rietveld method taking as starting
model that described for CaCu3Mn4O12, space group Im3 , Z= 2. R atoms were placed at 2a (0,0,0)
positions, Cu at 6b (0, ½,½) positions, Mn at 8c (¼,¼,¼) and O at 24g (x,y,0) sites. Mn atoms were
at random at 6b positions together with Cu, and the complementary occupancy factors
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number of four, in a pseudo-square arrangement. The Cu-O distances are virtually
unchanged along the series.
It is interesting to notice that the tilting angle of the MnO6 octahedra, quantified
from the Mn-O-Mn angle, does not significantly vary across the series. This fact is
in sharp contrast with the observed behavior in most of the series of rare-earth
perovskites of general formula RMO3 (M= transition metals) where the reduction
in the tolerance factor induced by the contraction of the R3+ ionic radius along the
series (from La to Lu) is accommodated in the perovskite structure by a concomitant
increase in the tilting angle of the MO6 octahedra, in order to optimize the R-O
distances [11, 12, 13]. In the present case, the tilting of the MnO6 octahedra is
mainly determined by the presence of three Cu2+ versus a single R3+ cation at the
A/A’ positions; therefore the Cu-O square planar units strongly “lock” the MnO-Mn angles of the full series. We will come back to this point later on, as this
fact will have serious implications on the evolution of the magnetic behavior
along the series.
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The dc magnetic susceptibility vs. temperature data for RCu3Mn4O12 exhibit a spontaneous
ferromagnetic ordering for all the samples, as showed in Figure 3 (Right). TC remarkably increases
up to more than 400 K, well above the reported Curie temperature of the parent compound

The crystal structure of the complex perovskites RCu3Mn4O12 is odd in the
sense that a reduction in size of the R3+ cations along the rare-earth series from
La to Lu is not accommodated by the perovskite through an increase of the
rotation angle of the MnO6 octahedra, since the tilting angle is mainly
determined by the CuO4 square-planar units placed at the A positions of the
perovskite. Nevertheless, it is also observed that the cubic unit-cell parameter, a,
progressively shrinks as R3+ becomes smaller, scaling with the size of the rareearth cation. Since the rotation angle of the MnO6 octahedra is blocked by the
CuO4 units, the reduction in size of the RO12 coordination polyhedra is
accommodated by a concomitant shrink of the MnO6 octahedra along the
series, leading to the observed reduction in Mn-O distances. Fig. 4 shows that
there is a relationship between the observed TC’s and the lengths of the Mn-O
bonds, confirming that the magnetic interactions are mainly controlled by this
distance. In fact, the internal pressure, or chemical pressure produced by the
diminution of R3+ cations is responsible for the compression of the Mn-O
chemical bonds, thus improving the overlapping between 3d Mn and 2p O
orbitals and enhancing the superexchange mechanism and the strength of the
moments. This is in sharp contrast with that observed in many series of magnetic RMO3
magnetic interactions between Mn magnetic moments. This is in sharp contrast
perovskites, where a reduction in the size of R3+ is usually accompanied with a decrease of the
with that observed in many series of magnetic RMO3 perovskites, where a
long-range ordering temperature. 3+
reduction in the size of R is usually accompanied with a decrease of the longrange ordering temperature.
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responsible of the magnetic and electrical conduction phenomena in this systems [14], is to
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3.2. RCu3Mn3FeO12 Series
The final goal of the introduction of one Fe cation at the B site of the
perovskite, responsible of the magnetic and electrical conduction phenomena in
this systems [14], is to reinforce the ferromagnetic component, since Fe3+ has
higher magnetic moment than Mn3+/4+, and therefore to enhance both the TC
and the MR properties. The products for this series were obtained as black, wellcrystallized powders. As occurred with RCu3Mn4O12 series, XRD and NPD
patterns of RCu3Mn3FeO12 samples corresponded to single perovskite phases,
and were indexed with a cubic symmetry in the space group Im3– (No. 204). The
crystal structure was refined from RT NPD data using the LaCu3Mn3FeO12
[15] as a starting model, with R-rare earth atoms occupying the 2a (0,0,0)
Wyckoff sites, Cu at 6b (0,1/2,1/2), Mn and Fe distributed at random at
8c (1/4,1/4,1/4) sites and O at 24g (x,y,0) positions. Neutron diffraction is
especially suited to detect Fe at Mn positions, given the contrasting scattering
lengths for both elements. The results of the refinement for the occupancy factor
for oxygen atoms confirm a full stoichiometry within the standard deviations.
An example of the good agreement between the observed and calculated NPD
patterns at RT is illustrated for TmCu3Mn3FeO12 in Figure 5 (Left).
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With respect to CaCu3Mn4O12, in the RCu3Mn4O12 oxides the substitution
of Ca2+ by R3+ cations implies the reduction of one Mn4+ ion per formula unit
to give Mn3+, leading to a Mn3+/Mn4+ mixed valence at the B position of the
structure [6, 16]. This mixed valence accounts for the appealing properties of the
parent series, where a substantial increase of the ferrimagnetic TC’s well above
RT were found. In RCu3(Mn3Fe)O12 one Mn ion per formula unit is nominally
replaced by Fe3+: the trivalent oxidation state for Fe was demonstrated by
Mössbauer spectroscopy in the comparable system CaCu3Mn3FeO12 [17]. Thus,
the introduction of Fe originates a complex system where Mn4+, Mn3+ and Fe3+
coexist, and are responsible for the changes observed in the structural, magnetic
and transport properties of the compounds.
Figure 5 (Right) shows the variation of the a unit-cell parameter with
the ionic radius of the rare-earth ion [10] in RCu3(Mn3Fe)O12; the expected
expansion of the unit cell is observed as the size of R3+ increases. Compared with
CaCu3(Mn3Fe)O12, there is an increment of the lattice parameter (in spite that
Ca2+ is larger than any R3+ [10]) since the replacement of Ca2+ by R3+ implies an
electron injection due to the reduction of one Mn4+ cation to Mn3+, giving rise
to an expansion of the octahedral network and therefore to an expansion of the
unit cell.
Also it is worth commenting on the difference between the unit-cell
parameters in the RCu3(Mn3Fe)O12 series and in the RCu3Mn4O12 parent series
[6, 18]. In all cases the unit-cell parameter is sizably expanded in the samples
with Fe. This observation suggests that Fe3+ (0,645 Å) is replacing the smaller
Mn4+ (0,53 Å) cations in the B sublattice. The Cu-O bond distances as well
as the Mn-O-Mn tilting angle of the MnO6 octahedra, are nearly unchanged
along the R3+ series. This fact is attributed to the presence of strong covalent
Cu-O bonds in the CuO4 units, which block the Mn-O-Mn angles of the whole
series. The evolution of the Mn-O distances as a function of the R3+ ionic radii
is illustrated in Figure 6 (Left). The R3+ size also affects the size of the octahedra,
which seems to scale with the size of the unit cell.
The magnetic susceptibility vs temperature curves for RCu3(Mn3Fe)O12 are
illustrated in Figure 6 (Right). All the samples show saturation characteristic
of a spontaneous ferrimagnetic behavior. The magnetic ordering temperature
(TC), obtained from the derivative of the susceptibility, span from 285 K (R=
La) to 350 K for R= Yb. If we compare RCu3(Mn3Fe)O12 with RCu3Mn4O12,
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distances as a function of the R3+ ionic radii is illustrated in Figure 6 (Left). The R3+ size also
affects the size of the octahedra, which seems to scale with the size of the unit cell.
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(Right) shows the refined data for LaCu3Mn3FeO12 compound upon 11 GPa of hydrostatic

temperature were characterized by means of neutron diffraction and magnetic
measurements with the Paris-Edinburgh Press [21] and the tiny and clever
designed Turnbuckle pressure cell [9], respectively.
As mentioned before, we found three compounds of the RCu3Mn3FeO12 series
(R= La, Pr and Bi) for which the TC is below but very close to room temperature.
In principal it should means a bad news, since the aim of introducing one Fe cation
at the B site of the perovskite was to increase the TC respect to the series without
Fe. However, the TC found for those three compounds, actually makes them very
interesting for carrying out a study comparing the effect of chemical pressure vs.
external pressure.
NPD patterns were collected for the selected RCu3Mn3FeO12 (R= La, Pr and
Bi) samples upon pressure conditions with a Paris-Edinburgh Press at the
D20-ILL diffractometer. Figure 7 (Right) shows the refined data for
LaCu3Mn3FeO12 compound upon 11 GPa of hydrostatic pressure. We followed
the crystal structure and therefore all the crystallographic parameters with
pressure in order to evaluate the effect of external pressure on these
compounds. As occurs with the internal chemical pressure along the rare
earths series, these experiments showed that Cu-O bond distances as well as
the Mn-O-Mn tilting angle of the MnO6 octahedra, are nearly unchanged with
pressure up to the maximum reached pressure of 11 GPa. Regarding the evolution
of the cell parameter and the Mn-O distances with external pressure, we found
that both parameters linearly decrease as pressure increases, in a similar way that
occurred with the internal chemical pressure along the La to Lu substitutions on
RCu3Mn3FeO12 series.
The change obtained by applying external pressure, consistent with typical
values for perovskites according to the literature [22], is slightly greater that
those found for the chemical substitution (internal pressure) in the
RCu3(Mn3Fe)O12 series from La to Lu (about 3,4% difference in volume from
one end to the other), since the difference in volume for LaCu3(Mn3Fe)O12
sample has been 3,9% for external pressure. At ambient pressure, the Mn-O
distance for LaCu3(Mn3Fe)O12 is 1,940 Å and decreases to 1,923 Å for
LuCu3(Mn3Fe)O12, while this distance decreases down to 1,915 Å for
LaCu3(Mn3Fe)O12 at 10 GPa. This effect would lead to an increase of the
magnetic ordering temperature. In order to assess this hypothesis we carried out
experiments with a diamond anvil cell, Figure 8 (Left), in a SQUID magnetometer
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As conclusions, the results showed that application of external pressure
increases the TC as occurs with the internal chemical pressure effect. In this
sense, we found that the studied samples
with a ferromagnetic temperature
10
close but below RT can be magnetically ordered at room temperature upon the
application of external pressure. Internal chemical pressure effect is comparable
with the external pressure application at reasonable pressure. We have found
therefore that this family of compounds, RCu3Mn3FeO12 series, can behave as
magnetic switches at room temperature operated by external pressure.
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Abstract
High pressure and high temperature conditions (HPHT) have been
used to prepare new compounds of rare earths, namely MnRMnSbO6 and
RCrO4 (R=rare earth). In the case of MnRMnSbO6 (R=La-Sm) a new type of
double-double perovskites have been obtained showing tetragonal symmetry,
S.G. P42/n, with the Mn and R ordered in columns at the A-site, while the
B-sites are occupied by Mn2+ and Sb3+having a rock salt order. Smaller rare
earths lead to conventional monoclinic double perovskites (MnR)MnSbO6
for Eu and Gd. Magnetic susceptibility data reveal a ferromagnetic behavior
where the Mn-sublattice are antiferromagnetic and a net moment correspond
to the R3+ magnetic moment. At low temperatures a spin reorientation has
been observed in Mn2NdSbO6. In the case of RCrO4 under HPHT it has
been observed phase transitions from zircon-monazite-scheelite by increasing
the pressure. Accompanying these structural phases transitions, the magnetic
properties of the different polymorphs change dramatically. Zircon and
monazite RCrO4 oxides are ferromagnetic, whereas their counterpart scheelite
are antiferromagnetic. Magnetic structures have been determined from the
neutron diffraction studies.
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– 51
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1. INTRODUCTION
The crystal structure adopted by a material is strongly dependent on the
chemical composition and synthesis conditions. In this sense, high pressure and
high temperature syntheses (HPHT) have been widely used not only to prepare
new materials but also for inducing phase transformations [1].In particular, the
(HPHT) method is traditionally used to synthesise metastable structures, as
it is the case of the highly distorted perovskites and the tetragonal zircon-type
(S. G. I41/amd) of RCrO4 oxides (R = rare earth element); transforms into the
tetragonal scheelite-type structure (S. G. I41/a) [2] studied in this work. In
the case of the perovskites HPHT conditions allow the stabilisation of small
cations at the A-perovskite sites, even for chemical compositions where the
tolerance factor t is below 0.75. This is possible because the use of high pressures
compress the unit cell, thus decreasing the volume of the A site and making a
marked decreasing of the A-O distances. This method is reminiscent of that of
the so-called chemical pressure [3] with >121 refs. While thermodynamically
stable metal oxides and other solids could be prepd. by conventional high-temp.
(ceramic induced when substituting A by a smaller cation under room pressure
conditions, originating distorted perovskites.
Among the ABO3 systems treated under HPHT conditions, Mn-containing
double perovskites have attracted an especial interest during the last years,
due to its spin, charge and orbital degrees of freedom, which induce complex
orderings featuring their properties. Mn can be accommodated into the A or
B sites depending on its oxidation state, size and coordination environment
preferences. For instance, Mn4+ and Mn3+ (rVI = 0.53 Å and r VI = 0.645 Å),
respectively are only stable at the B position, but Mn2+ can be stabilised under
high pressure conditions in the highly coordinated A site of the perovskite
structure despite its relatively small ionic radius (which ranges from r VI = 0.83Å
to r VIII = 0.96 Å )as a function of its coordination number. By combining A
–and B– site orders in AA’BB’O6 given rise to a so called double-double
perovskites (DDPv) potentiates the interest of introducing Mn3+ into the B site
due to the stabilising effect of its Jahn-Teller distortion. Notable examples of
this effect are RA’MnWO6 compounds, which combine lamellar order in the
A site (L_A ) – and rock salt order at the B site (RS_B)– arrangements [4].
This stabilisation originates complex superstructures, in compounds of general
formula AMn7O12, where different oxidation states can be modulated for Mn
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within A’, B and B’ sites depending on the An+ cation (1 ≤ n ≤ 3). As a result, their
different Mn3+ / Mn4+ ratios induce complex spin, charge and orbital orders,
originating interesting electromagnetic properties which include multiferroic
and giant improper ferroelectric behaviours combined with spin – wave like
magnetic structures [5]
On the other hand, the previous results on the high pressure synthesis of
the stabilisation of small A – site cations in the perovskite structure has lately
motivated the study of Mn2+2RSbO6 DPv polymorphs [6]. Within this family
of oxides, which constitutes the parent composition of the compounds studied
here, several types of magnetic and transport properties appear. For instance,
an exotic spiral magnetic structure is induced from magnetic frustration in
Mn2FeSbO6 [7]. It is also worth noting that the related Mn2FeB’O6 compounds
with B’ = Mo, W and Ta present rhombohedral structures but up to date none
of their perovskite polymorphs have been isolated [8]. The second part of this
work is devoted to the tetragonal zircon-type (S. G. I41/amd) to tetragonal
scheelite-type structure (S. G. I41/a) phase transitions for the RCrO4 phases
(R= rare earth) under HPHT conditions. Our research group has reported this
transition, as is depicted in Figure 1, that takes place at moderate pressures and

Figure
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structure
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for RCrO4 oxides.
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for RCrO4 oxides.
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MnRMnSbO materials were synthesized from the stoichiometric amount of R O , MnO

temperatures (4-5GPa and 815-850K) [2]. The presence of Cr5+ (3d1) make of
these in these of these RCrO4 polymorphs the ideal scenario to study the 3d14fn magnetic interactions, where the Cr5+ plays an important role as promoter
of the magnetic interactions in the R-sublattice, given as result ordering
temperatures (TN,Tc) several order of magnitude higher in comparison with
the RMO4 (M=V. As. P) derivatives where the M ion is diamagnetic [9]. More
recently, we have reported that the ferromagnetic RCrO4-zircon phases show
Figure 1.large
Crystal
structure of zircon
andatscheelite
polymorphs which
for RCrO
4 oxides.
magnetocaloric
effect
low temperatures
make
these compounds
potential candidates to be used in magnetic refrigeration processes for the
liquefaction of Helium, Hydrogen or natural gas [10].
2. EXPERIMENTAL

2. EXPERIMENTAL
MnRMnSbO
materials
were
synthesized
from
stoichiometric
amount
were
synthesized
from
the the
stoichiometric
amount
of R2O3, MnO
MnRMnSbO
6
6 materials
of
R
O
,
MnO
and
Sb
O
treated
at
high
pressure
at
10
GPa
and
1473
K
in
a
and Sb2O5 treated
2 3 at high pressure
2 5 at 10 GPa and 1473 K in a Walker-type multianvil apparatus and
Walker-type
multianvil
apparatus
and
further
experimental
details
are
given
in
further experimental details are given in a previous paper (11). Small single crystals of
a previous
paper [11]. Small single crystals of MnNdMnSbO6 wereexperiment.
separated
MnNdMnSbO
6 were separated from the Pt capsule following a slow cooling
from the Pt capsule following a slow cooling experiment.

polymorph
was done
the RCrO
The synthesis
the scheelite
RCrO4 RCrO
4 zircon phase as
The of
synthesis
of the scheelite
polymorph
wasusing
done using
the RCrO
4
4
Thephase
zirconas RCrO
Pt capsules
and then
precursor.
4 oxides
zircon
precursor.
The were
zirconpacked
RCrO4inoxides
were packed
in Ptinserted
capsules in a calcite
pressureand
cellthen
assembly
and
graphite
tube was
as heater.
A CONAC
inserted
in aa calcite
pressure
cell used
assembly
and a graphite
tube28
waspress
usedwas used to
phases
in the
4-5 GPa
pressure
andscheelite
670-870phases
K temperature
ranges
prepare asRCrO
4 scheelite
heater.
A CONAC
28 press
was used
to prepare
RCrO
in the
4
depending
R element.
4-5ofGPa
pressure and 670-870 K temperature ranges depending of R element.

Figure 2. Powder
diffraction
patterns for
Mn2RSbO
6. RSbO .
FigureX-ray
2. Powder
X-ray diffraction
patterns
for Mn
2

– 54 –

6

3

Powder X-ray diffraction patterns for Mn2RSbO6 were collected at the
ALBA synchrotron and neutron diffraction data at the WISH diffractometer
Powder X-ray diffraction patterns for Mn2RSbO6 were collected at the ALBA synchrotron and
(ISIS) and D20 at the ILL- Grenoble. Structural refinements were undertaken
neutron diffraction data at the WISH diffractometer (ISIS) and D20 at the ILL- Grenoble. Structural
by means of the Rietveld method using the Fullprof program [12].
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Figure 3. a) Structure of a conventional A BB’O6 double perovskite with a typical monoclinic
Figure 3. a) Structure of a conventional A2BB’O2 6 double
perovskite with a typical monoclinic P21/n
P21/n distortion. b) DDPv showing order
of the Mn2+/Sb5+ in the B-sites and Mn2+/R3+ in the
distortion. b) DDPv showing order of the Mn2+/Sb5+ in the B-sites and Mn2+/R3+ in the A-sites.
A-sites.
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In the case of the larger R cations, namely, La, Pr, Nd and Sm the perovskite
superstructure by was solved through X- ray analysis for a MnNdMnSbO6 single
crystal [11] and the structure is shown in Figure 3b. This structure can be
describes as 2x2x2 perovskite supercell with tetragonal symmetry, S.G.P42/n,
with columnar Mn2+/Nd3+ order at A sites and rock salt Mn2+/Sb5+ cation order
at the perovskite B sites. A-type Mn2+ cations in MnNdMnSbO6 have two
alternating inequivalent sites within their column and cooperative oxide
displacements result in almost regular tetrahedral and square-planar
environments as shown at the Figure 3b, by contrast, Nd cations are tenfold
coordinated. The MnNdMnSbO6 structure discovered here is thus notable as a
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Figure 5. Magnetic structure of MnNdMnSbO6 double-double perovskite at 60K and the spin reorientation at
Figure 5. Magnetic structure of ab-plane
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6
2K with Nd3+ and Mn2+ moments lying in the
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structure.
3+
2+

spin reorientation at 2K with Nd and Mn moments lying in the ab-plane of the tetragonal
structure.

Concerning the polymorphs obtained under HPHT conditions in the case of the RCrO4
oxides by using combined X-ray and neutron diffraction techniques, we have been able to
characterize the zircon, scheelite polymorphs, Figure 1A mechanism for explaining this
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Figure 6. Magnetic behavior of TbCrO4-scheelite.
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In addition to the structural and magnetic properties, the following features
make these RCrO4 oxides suitable for potential refrigerants in comparison with
other transition metal oxides. First, a large magnetic moment, typical for most
rare-earth ions, makes its polarization easier by a moderate external magnetic
field. Second, a weak anisotropy and a weak crystal field, specially in the case
of Gd3+, favor the thermal population of all magnetic states of the magnetic
moment directions above TN or TC but at zero field. Third, for all the R3+
the exchange interaction between 3d ions, usually much higher than the R-R
exchange interaction, provides an internal field, increasing the polarization of
the R ions below the ferromagnetic/antiferromagnetic ordering temperature
giving as result the increasing of their ordering temperatures several one order
of magnitude most of the cases as it was mentioned previously in comparison
with the analogous RXO4 (X = P, As, V) [9]. In this work as a representative
example the evaluation of the magnetocaloric effect (MCE) for RCrO4 (R=Tb
and Gd) zircon and scheelite polymorphs have been included. This MCE effect
have been studied from the evolution of the DSM (T, H) as a function of the
temperature for different magnetic fields. The isothermal entropy change as a
function of temperature can be evaluated from magnetization measurements at
different temperatures and magnetic fields by numerical integration of the wellknown Maxwell relation:
Mi +1 – Mi
ΔSM(T, H) = ———
————ΔHi,
Ti +1 – Ti
where Mi+1 and Mi are the experimentally measured values of magnetization
with a field Hi at temperatures Ti+1 and Ti, respectively. In the case of zirconGdCrO4 DS shows a maximum of 29.0 J/kgK at 22 K, for a field increment
H = 9 T. Figure 8a shows the Mvs.H curves at different temperatures near the
TC for the zircon TbCrO4 polymorph [10]. The thermal variation of DSM for
different magnetic field changes (Figure 8b) increases with field, reaching as high
as 23.5 J kg_1 K_1 for a field change of 9T. For the TbCrO4 scheelite the DSM is
half of the corresponding to the zircon derivatives due to its antiferromagnetic
behavior where the field-induced AFM-FM transition occurs.
When an external magnetic field is applied, the magnetic moment fluctuation
is enhanced in one of the two AFM sublattices which is antiparallel to H. With
increasing H, more and more spins in the antiparallel sublattice orient along the
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field direction, as a consequence of the so-called spin reorientation which, in
turn, increases the spin disordering and hence the so-called inverse MCE occurs
showing positive DS values. For both polymorphs, the maximum in DSM curve
occurs almost at the same temperature because the TN and TC are almost
coincident.

Figure 8. a) Magnetization vs.magnetic field curves at different temperatures for zircon and scheelite
Figure 8. a) Magnetization vs.magnetic field curves at different temperatures for zircon and
polymorphsscheelite
of TbCrO4.
b) DS vs
for bothb)
polymphorms.
polymorphs
of TTbCrO4.
DS vs T for both polymphorms.
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Abstract
A brief chemical overview of known superconductors is presented with
an emphasis on high-Tc materials, defined as those with critical temperatures
above 23 K, the value for Nb3Ge. This was the record value during the ‘low-Tc’
period when metal alloys were the main focus for superconductor research.
The subsequent ‘high-Tc‘ era started with the discovery of superconductivity
in copper oxides (cuprates) and several other types of chemically complex
solids with high Tc’s also emerged. The recent discovery of superconductivity
in H2S and other hydrides shows that a third ‘high-Tc at high-P’ era may be
starting.
INTRODUCTION
Superconductors have the useful properties of zero electrical resistance
and perfect diamagnetism (known as the Meissner effect). Superconductivity
arises from the condensation of electrons near the Fermi level into Cooper
pairs that show collective quantum mechanical behaviour. Pair-breaking
limits superconductivity to a maximum critical temperature (Tc) and to
critical magnetic fields (Hc) and current densities (Jc) at temperatures below
Tc. The critical temperature is mainly controlled by chemical composition
and structure, and pressure can play an important part in modifying
these parameters, whereas the critical fields and currents are also strongly
influenced by microstructure. Superconductors find many applications such
as in power transmission cables, magnetically levitated trains, and SQUID
Proc.Int.Symp “Superconductivity and Pressure–Towards
63 – RTSC”. May 21-22, 2018. Madrid. Spain

(superconducting quantum interference device) electronics based on the
Josephson effect of Cooper pair tunnelling. All present devices require
cooling to achieve the superconducting state, so increasing Tc towards room
temperature has been a major goal for superconductivity research.
This brief paper follows on from a review of ‘Chemistry and High
Temperature Superconductivity’ published in 2011 to mark the first century
of superconducting materials research. [1] The first century divides into two
eras. The ‘low-Tc’ period lasted from the 1911 discovery of the phenomenon of
superconductivity in mercury until 1985 when the record critical temperature
was Tc = 23 K in Nb3Ge. The subsequent ‘high-Tc‘ era started with the
discovery of superconductivity in Ba-doped La2CuO4 in 1986, leading to the
identification of many more superconducting cuprates and other chemically
complex superconductors. The recent discovery of superconductivity in H2S
and other hydrides under pressure with Tc > 200 K shows that a third ‘high-Tc
at high-P’ era may be starting.
2. FROM LOW TO HIGH TC SUPERCONDUCTORS
Superconductor discovery during the first 75 years of the field was largely
concentrated on metals and metal alloys where Cooper pairing is mediated
by electron-phonon coupling in the BCS (Bardeen, Cooper and Schrieffer)
description. The famous rules put forward by Matthias [2] focussed attention
on metals with several valence electrons per atom, such as niobium which
forms many best-in-class low-Tc superconductors, and away from magnetic
and non-metallic materials. The highest known Tc rose slowly in this period,
from 4 K in mercury to Tc = 23 K in Nb3Ge which was the record critical
temperature from 1973 until 1985.
The discovery of superconductivity at Tc = 35 K in Ba-doped La2CuO4 in
1986, [3] led to a flurry of activity, initially to discover further cuprates and
then other chemically-complex high-Tc superconductors. The period from
1986 to 2008 may be regarded as a golden age for superconductor discovery,
during which seven families of high-Tc materials (taken to be those with Tc ≥
23 K at ambient pressure) were reported. These families vary in size from one
to many chemically and structurally similar materials, and they are reviewed
very briefly below.
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2.1. Cuprates
High (critical) temperature superconductivity was born from the
discovery of the Tc = 35 K transition in Ba-doped La2CuO4 and rapidly led
to the identification of many more superconducting cuprates, [4] with the
highest Tc of 138 K found in HgBa2Ca2Cu3O8+d. A fluorinated sample of this
phase showed an onset Tc of 166 ± 1 K at 23 GPa pressure [5] which was
the highest measured superconducting critical temperature until the hydrides
were discovered.
Although the pairing mechanism and a convincing explanation for the
magnitude of Tc in this family remain controversial, the essential chemical
features are clearly established (see Figure 1). T(K)
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Blocks of one or two covalent metal oxide layers MOy are sometimes termed
Undoped parent cuprates have S = 1/2 spin Cu 2+ ions in the CuO 2 sheets and are
antiferromagnetic insulators at low temperatures. Superconductivity is achieved by doping the
CuO 2 sheets. Electron doping (reduction of Cu 2+) leads to superconductivity in a few cases, e.g.
Nd 2CuO 4, but the majority including the highest-T c materials are hole-doped. Superconductivity
– 65oxidation
–
appears above 5% doping (Fig. 1(c)) and further
increases T c to a maximum at 15-20%
doping, above which superconductivity is suppressed and is no longer apparent above ~25% hole
doping. There is substantial evidence for a diffuse high temperature insulator-metal transition at
which a pseudo-gap opens. Above T c, the cuprates have unusual normal state electronic

the ‘charge reservoir’ as they compensate for the doping of the CuO2 planes
although this can also achieved by aliovalent substitutions at the A or B sites.
Undoped parent cuprates have S = 1/2 spin Cu2+ ions in the CuO2 sheets
and are antiferromagnetic insulators at low temperatures. Superconductivity
is achieved by doping the CuO2 sheets. Electron doping (reduction of Cu2+)
leads to superconductivity in a few cases, e.g. Nd2CuO4, but the majority
including the highest-Tc materials are hole-doped. Superconductivity appears
above 5% doping (Fig. 1(c)) and further oxidation increases Tc to a maximum
at 15-20% doping, above which superconductivity is suppressed and is no
longer apparent above ~25% hole doping. There is substantial evidence for
a diffuse high temperature insulator-metal transition at which a pseudo-gap
opens. Above Tc, the cuprates have unusual normal state electronic properties
that evidence strong electron-electron correlations, but at high doping levels
they become more like conventional metals.
Doping may be achieved by chemical substitutions, increasing oxygen
content, or by band overlap which occurs in the important 93 K superconductor
YBa2Cu3O7 (also known as YBCO or (Y)123). This contains CuO chains as
the MOy layers in the above structural classification (see Fig. 1(c)), and Cu
band overlap results in a formal charge distribution Cu2.6+Ba2YCu2.2+2O8 in the
MmA2Bn-1Cu nOz description. The pairing mechanism for superconductivity in
the cuprates remains unclear but most explanations focus on antiferromagnetic
fluctuations to mediate the pairing instead of the electron-phonon coupling
of conventional BCS type materials. [6], [7]
2.2. Fullerides
After buckminsterfullerene (C60) was first identified and isolated in the
1980’s, alkali metal fulleride derivatives were synthesised and superconductivity
was first reported in K3C60 with Tc = 19 K. [8] Tc increases up to a maximum
of 33 K for RbCs2C60 and increases further under pressure up to 38 K in
Cs3C60. [9] A phonon-mediated BCS mechanism in the weak coupling limit
describes many aspects of superconductivity the fullerides, but observation
of a magnetic insulating state at high interfulleride separations is similar to
the breakdown of metallic and superconducting behaviour at low dopings in
cuprates and other unconventional high-Tc superconductors.
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2.3. Barium Bismuthate
The perovskite BaBiO3 displays a charge ordering of Bi3+ and Bi5+ sites.
Suppression of charge order in Ba2Bi3+Bi5+O6 to give a superconductor with
maximum Tc = 13 K was first demonstrated by substituting Pb for Bi, [10]
and later work led to the discovery of Tc’s up to 30 K in Ba1-xKxBiO3. [11]
The measured electron-phonon coupling constant is found to be too small
for conventional BCS coupling to explain the high Tc and enhancement by
electron-electron interactions through the negative-(Hubbard) U which
drives disproportionation to the Bi3+ and Bi5+ states in the parent material
may be important.
2.4. Quaternary Borocarbides
A family of materials with composition RM2B2C (R = rare earth,
M = Ni, Pd) were discovered to have Tc’s up to the past record value of 23 K
for YPd2B2C. [12] Magnetic R cations suppress superconductivity completely
for R = Pr, Nd, Sm, Gd, and Tb in the RNi2B2C series and a variety of
antiferromagnetic states is found, but coexistence of superconductivity and
magnetic order is observed for the later R = Dy, Ho, Er, Tm. [13] The RM2B2C
superconductors appear to be similar to low-Tc superconductors but with an
anisotropic energy gap that may enhance Tc.
2.5. Intercalated Nitride Halides
Intercalation of alkali metals (Li, Na, K) into the van der Waals gaps
between the layers of MNX (M = Zr, Hf; X = Cl, Br, I) phases dopes
electrons into the M d-band inducing superconductivity. [14] The maximum
observed Tc = 25.5 K is for Li0.48(THF)yHfNCl containing cointercalated
tetrahydrofuran solvent (THF). [15] Intercalation staging has been observed
in NaxHfNCl with Tc’s of 24 and 20 K reported for stage 1 and 2 materials
respectively. [16] The intercalated MNX phases are very air-sensitive which
limits studies of their physical properties. Physical measurements show that
they are not conventional BCS superconductors and a magnetic insulating
state is observed in some low doped materials.
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2.6. Magnesium Diboride
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Figure 2 Approximate electronic and structural phase diagram for RFeAsO1-xFx iron
arsenide superconductors as a function of electron doping x (equivalent to average Fe oxidation
state 2 - x). The inset shows the stacking of RO5and FeAs layers in the crystal structure.

The phase diagram for the electron-doped high-Tc iron arsenide
superconductors (Figure 2) is similar to that of the cuprates (Fig. 1.c), although
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Figure 2 Approximate electronic and structural phase diagram for RFeAsO 1-xF x iron arsenide
superconductors as a function of electron doping x (equivalent to average Fe oxidation state 2 - x). The
inset shows the stacking of RO and FeAs layers in the crystal structure.
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Using chemistry to answer the broader question of where new families of
high-Tc superconductor may be found has proved more challenging. The seven
6
distinct families of superconductors with Tc’s at ambient pressure that equal or
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4. HIGH-TC AT HIGH-P
Pressure effects on superconductors have been studied extensively and Tc is
generally enhanced by up to ~20% in chemically optimal superconductors such
as HgBa2Ca2Cu3O8+d and Cs3C60, as noted above. Recent progress in diamond
anvil cell (DAC) technologies has enabled low temperature conducting
properties of matter to be explored up to and beyond a megabar (100 GPa)
and this has resulted in the discovery of superconducting forms of elements
and compounds that are insulating solids or molecules at ambient pressure, e.g.
elemental sulfur becomes a Tc = 17 K superconductor at 162 GPa. [26]
Hydrogen has long been predicted to be a high-Tc BCS superconductor
at very high pressures, [27] beyond those accessible by experiment at present.
Investigation of hydrogen-rich solids by Eremets and coworkers led to the
remarkable discovery that H2S is superconducting with a Tc up to 203 K under
200 GPa pressure. [28] The superconducting phase appears to be a cubic
material of composition H3S formed at pressure. Subsequent investigations of
metal hydrides have led to reports of possible superconductivity at Tc > 260 K
in lanthanum superhydride (LaH10). [29]
The above findings have established a third ‘high-Tc at high-P’ age of
superconductor discovery where critical temperatures may surpass room
temperature. However, the practical uses of materials that only superconduct
under megabar pressures are neglible. The traditional quest for ‘higher Tc at
ambient P’ may soon be joined by searches for ‘ambient Tc at lower P’.
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Abstract
Zirconium and hafnium nitride halides with formula MNX (M= Zr, Hf;
X= Cl, Br, I) show a layered structure with [X-M-N-N-X] slabs separated by
a van der Waals gap. Intercalation of electron donor species such as alkaline
metals, rare earth metals or cobaltocene induces superconductivity with critical
temperatures up to 25.5 K. This article discusses our results of the intercalation
chemistry of these compounds focussing on the synthesis and structural features
and their correlation with the superconducting properties.
1. INTRODUCTION
The nitride halides of titanium, zirconium and hafnium were initially
prepared by Juza et al [1] and Fowles et al [2]by reaction of the metal halides with
ammonia. Zirconium and hafnium nitride halides MNX (M= Zr, Hf; X=Cl,
Br, I) show two structural polymorphs isotypic to orthorhombic Pmmn FeOCl
and R-3m types designated as a and b respectively. (Figure 1) The hexagonal b
phase shows two polytypes isostructural to SmSI or YOF formed by a different
stacking of the double layers [X-M-N-N-X] with relative orientation AbCBcA.
[3] The stacking sequences of the double layers are ACB for SmSI and ABC
for the YOF polytype. The b phases of ZrNCl, HfNCl and ZrNBr have been
reported to show the SmSI structure whereas ZrNI, HfNBr and HfNI prepared
at high pressure have been reported to show the YOF polytype.
Superconductivity with critical temperatures up to 25.5 K [4], [5] is induced
by intercalation in the van der Waals gap of electron donor species such as
metals (Li, Na, K, Rb, Mg, Ca, Sr, Ba, Zn, Eu and Yb), pyridine, diamines
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N-N-X] with relative orientation AbCBcA . The stacking sequences of the double layers are ACB for
SmSI and ABC for the YOF polytype. The b phases of ZrNCl, HfNCl and ZrNBr have been reported
to show the SmSI structure whereas ZrNI, HfNBr and HfNI prepared at high pressure have been
reported to show the YOF polytype.

a

X

b

M

M
N

X

N

Figure 1. Projection along [010] of crystal structures of (a) the a and (b) b polymorphs of
metal nitride halides MNX. Atoms are depicted as blue (M), green (X) and red (N) spheres.
Reprinted with permission from reference 14.

or cobaltocene derivatives and also by removal of part of halogens. [6], [7],
[8], [9], [10], [11], [12], [13], [14] In the a polymorphs superconductivity
has been reported only for intercalated TiNCl with maximum Tc of 18 K.
[15] The maximum Tc reported to date has been found for b- Li0.48(THF)
HfNCl. [5]The intercalation of alkali metals in MNX with SmSI structure
induces a structural change to the YOF polytype which maximises favourable
electrostatic interactions between the host layers and guest cations.
The superconducting properties are affected by the nature of the transition
metal, the doping level and the co-intercalated molecules. The hafnium
compounds show higher critical temperatures than the zirconium or titanium
compounds but they also present larger doping levels. The dependence of the
critical temperature on carrier concentration is still being under discussion and
one of the reasons behind this is the chemical complexity of the intercalated
samples. The presence of several phases either superconducting or not in the same
sample prevents in some cases the accurate determination of the composition by
chemical analysis and the study of physical properties.
The layered nature of these materials is inherent to the existence of stacking
faults that may affect their intercalation chemistry. The synthesis of the host
compounds is not straightforward and usually includes a final crystallization
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step via a chemical vapour transport reaction that may lead to samples with
different microstructures and crystal sizes. Oxygen contamination during
synthesis is possible and oxide may occupy the same sites as nitride, affecting the
microstructure and the intercalation chemistry. The intercalated compounds
may show staging and co-intercalated molecules that increase the chemical
complexity. This article will focus on our results on the chemistry and structure
of intercalated nitride halides with emphasis on the influence of the above
factors on the superconducting properties.
2. SYNTHETIC APPROACHES OF MNX POLYMORPHS
We have prepared the nitride chlorides and bromides of Zr and Hf
by reaction between the metals and NH4Cl or NH4Br using maximum
temperatures between 650 and 850 oC. This reaction can proceed either under
NH3 gas flow or in alumina tube sealed under vacuum of 10-4 tor. When taking
place under NH3 the ammonium halide and the metal should be placed in
separated Al2O3 boats at two different heating zones of the reaction tube. For
the synthesis of HfNCl, NH4Cl was sublimated at c.a. 390 oC and transported
by ammonia to a zone at higher temperature where the hafnium was placed.
In a second step of the synthesis the obtained sample was recrystallized by
chemical vapour transport. The powder was mixed with NH4Cl and placed
in one end of an evacuated silica tube that was heated under the temperature
gradient 700oC (where the sample was placed) -850 oC (where the sample was
transported). Ohashi et al suggested the following reactions involved in the
chemical vapour transport of b-ZrNCl [16]:
ZrNCl (s) + 5 NH4Cl(s) ®(NH4)2ZrCl6(s) + 4 NH3 (g)
(NH4)2ZrCl6(s) ® MCl4(g) + 2 NH3 (g) + 2 HCl (g)
NH4Cl(s) ® NH3(g) + HCl(g)
ZrCl4(g) + NH3 (g) ® ZrNCl (s) + HCl(g)
The synthesis and recrystallization can also be performed in a sealed tube by
using an excess of NH4Cl mixed with the metal. After reaction at c.a. 750 oC at
the cold end of the tube a temperature gradient of 100 oC was applied for
recrystallization by chemical vapour transport. This method is simple and
– 77 –

of b-ZrNCl16:
ZrNCl (s) + 5 NH4Cl(s) ®(NH4)2ZrCl6(s) + 4 NH3 (g)
(NH4)2ZrCl6(s) ® MCl4(g) + 2 NH3 (g) + 2 HCl (g)
NH4Cl(s) ® NH3(g) + HCl(g)
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and c=26.57(4) Å (Figure 3) and is built up by double layers with composition
[Cl-Zr-Zr-Cl] separated by a van der Waals gap. The occupancy of the tetrahedral
sites between the Zr layers by nitride leads to the b-ZrNCl structure preserving
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Cl] separated by a van der Waals gap. The occupancy of the tetrahedral sites between the Zr layers by
nitride leads to the b-ZrNCl structure preserving the R-3m space group and expanding the cell
parameters to 3.6031(6) and 27.672(2) Å.3

the R-3m space group and expanding the cell parameters to 3.6031(6) and
27.672(2) Å. [3]
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4. INTERCALATION OF ALKALINE METALS

polytype the second nearest neighbours of the alkaline metals in the octahedral
holes between the halide layers are zirconium or hafnium atoms whereas they
are nitrogen atoms in the YOF polytype.
4. INTERCALATION OF ALKALINE METALS
Chemical intercalation of alkaline metals in MNX compounds can be
performed by treatment of powder samples in n-buthyl lithium, naphtyl lithium
or naphtyl sodium solutions between room temperature and 80 oC using reaction
times from several hours to one week. Co-intercalation of organic molecules
may occur when polar solvents such as tetrahydrofurane (THF), propylene
carbonate (PC) or dimethyl formamide (DFM) are used. Reactions performed
in hexane solutions for lithium intercalation and in tetrahydrofurane for sodium
intercalation produce samples free of solvent molecules. The intercalation
can also be performed electrochemically in two electrode cells using a foil of
Li or Na as anode, the nitride halide as cathode and as electrolytes LiPF6 or
NaClO4 dissolved in ethylene carbonate (EC), dimethyl carbonate (DMC),
propylene carbonate (PC) or tetrahydrofurane (THF). [3], [17], [19], [20]
The electrochemical capacity of lithium intercalation on b-HfNCl has shown
to depend strongly on the microstructure and oxygen content of the pristine.
[17] The presence of defects in the stacking of the double slabs or of oxygen
in the nitride positions leads to low intercalation uptakes. The electrochemical
intercalation and the chemical intercalation uptakes obtained for the same
samples are directly correlated, as samples with large capacity on discharge are
also found to have larger lithium or sodium contents after chemical intercalation.
The intercalation of alkaline metals in b-MNX compounds takes place in
the octahedral sites between the double layers [X-M-N-N-M-X]. Full occupancy
of these sites leads to a maximum content of 0.5 atoms per formula. Alkaline
metal contents higher than 0.5 atoms per formula have been reported for
NaxZrNCl [23], for Na0.80HfNCl [24] or Li0.67HfNCl. [25] However the
positions occupied by the additional alkali metal atoms in the YOF structure
are not clear. Significant intercalation (above c.a. 0.07 atoms per formula) in
SmSI-type HfNCl induces the transition to YOF polytype. Chemical
intercalation experiments using different concentration of Naphtyl sodium
solutions show the existence of staging. The stage 1 (Figure 4a) and stage 2
(Figure 4b) compounds for NaxHfNCl show average interlayer spacings
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Ultra slow electrochemical intercalation of sodium in HfNCl showed the
formation of additional intermediate phases between the pristine and the stage
2 Na0.25HfNCl. [19] Instead of a slab gliding mechanism the transition from
SmSI to YOF occurs through a different, re-entrant, mechanism involving
a martensitic transition between hexagonal and orthorhombic structures of
the host layers with formation of the FeOCl-polymorph (a phase) (Figure
5). Between the pristine and the FeOCl-type intercalated phase another
intermediate, a diluted intercalate, stage 2 with SmSI type structure was also
detected.
5. FINAL REMARKS
The important features of the complex chemistry of metal nitride halides
are the presence of oxygen, the staging and stacking faults. These are key factors
for the reproducibility of the synthesis of intercalated materials and for the
understanding of their superconducting properties. The presence of oxygen,
stacking faults and other microstructural defects in the pristine prevents

– 81 –

ds
9.24 Å

HfNCl

NaxHfNCl

SmSI

FeOCl

8.60 Å

Na0.25HfN

Na0.5HfNC

Cl

l

YOF

YOF

9.56 Å

9.86 Å

Figure 5. Mechanism of sodium intercalation in b-HfNCl. Hf coordination polyhedral are
represented in blue and Na toms are shown as purple spheres.
gure 5. Mechanism of sodium intercalation in b-HfNCl. Hf coordination polyhedral are represented in blue
d Na toms are shown as purple spheres.

the diffusion of the alkaline metals in the van der Waals gaps. Oxygen-free
samples ofintercalation
HfNCl leadof
to sodium
high intercalation
in high
ltra slow electrochemical
in HfNCl uptakes
showed resulting
the formation
of critical
additional
19
temperatures,
up
to
25
K.
The
intercalation
of
sodium
in
b-HfNCl
proceeds
termediate phases between the pristine and the stage 2 Na0.25HfNCl. Instead of a slab gliding
through the
four occurs
intermediate
betweenre-entrant,
the host and
the
echanism the transition
fromformation
SmSI to ofYOF
throughphases
a different,
mechanism
=
24
K.
Chemical
intercalation
under
superconducting
stage
1
phase
with
T
volving a martensitic transition between hexagonal andc orthorhombic structures of the host layers
conditions leads
to superconducting
samplesthe
with
different
ith formation of different
the FeOCl-polymorph
(a phase)
(Figure 5). Between
pristine
and alkaline
the FeOClmetal another
contentsintermediate,
and transition
temperatures.
Forstage
instance,
stagetype
2 phase
pe intercalated phase
a diluted
intercalate,
2 withthe
SmSI
structure
as also detected. prepared by using low concentrations of Naphtyl sodium solutions shows
a lower critical temperature of 20 K. In addition to YOF-type staged phases,
the existence of other intermediate intercalated phases with SmSI or FeOCl
FINAL REMARKS
type structure has been suggested. The intercalated samples are in some cases
compositionally inhomogeneous and may show more than one superconducting
phase. The intercalation chemistry of ZrNCl or ZrNBr has not been extensively
he important features of the complex chemistry of metal nitride halides are the presence of oxygen,
explored, however the maximum Tc observed (c.a. 12 K) and the alkaline metal
e staging and stacking faults. These are key factors
the reproducibility of the synthesis of
uptake are lower than for HfNCl. The for
reasons
behind the different behaviour
tercalated materials and for the understanding of their superconducting properties. The presence of
of Zr and Hf samples are not yet clear. Future investigations of the chemistry

xygen, stacking faults and other microstructural defects in the pristine prevents the diffusion of the
kaline metals in the van der Waals gaps. Oxygen-free samples of HfNCl lead to high intercalation
ptakes resulting in high critical temperatures, up to 25
K.–The intercalation of sodium in b-HfNCl
– 82
oceeds through the formation of four intermediate phases between the host and the superconducting
age 1 phase with Tc= 24 K. Chemical intercalation under different conditions leads to
perconducting samples with different alkaline metal contents and transition temperatures. For

and intercalation mechanisms in these compounds may lead to a deeper
understanding of the superconductivity and to the discovery of new materials.
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Abstract
The discovery of high Tc-iron based superconductor (IBSCs) in early 2008
rekindled the extensive research on superconductivity. Since then, several ten
thousand of papers have been published in last decade and IBSCs have grown to
a new continent of high Tc-superconductors comparable to cuprates discovered
in 1986. This article describes from my personal view a story to the discovery,
the characteristics of IBSCs along with lessons and questions obtained from the
last decade study.
1. A TALE TO THE DISCOVERY
1.1. Background research
I started exploration of electro-active functionality in transparent oxides in
1993 and was chosen as a project leader of Explorative Research for Advanced
Science and Technology (ERATO), sponsored by the Japan Science and
Technology Agency ( JST), a Government Agency belonging to the MEXT.
ERATO, which was established in 1983, is a unique fundamental research
system aiming at cultivation of new science frontier. Each year 2-4 project
leaders were chosen from a broad range of science and technology area through
several screening processes. The project leader can do the research following his/
her research concept under the full support of JST (the period: 5 years, total
funding including indirect cost such as rent fee for research space: ~14Million
US Dollars). The research subject I proposed was “Transparent Electro-Active
Materials (TEAM) “. Fortunately, this proposal was chosen in 1999 and extensive
Proc.Int.Symp “Superconductivity and Pressure
Towards
– 85
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study was carried out. [1] After 5 years, the project was highly evaluated and the
extension of another 5 years was approved in 2004 although the funding was
reduced to ~half of the first 5 years.
The purpose of this extended project was to cultivate the new frontier of
transparent oxides as functional materials by utilizing built-in nanostructures
in the materials. Material exploration and device application of transparent
oxide semiconductors (TOSs) are our primary concerns. A representative
achievement is creation of transparent oxide semiconductor with large electron
mobility. Crystalline InGaZnO3 and amorphous In-Ga-Zn-O, called IGZO,
are applied as the thin film transistors to drive the state-of the art flat-panel
displays represented by large-sized OLED-TVs. [2]
We have explored novel transparent oxide semiconductors, focusing on the
low dimensional structure embedded in crystal structure; concretely speaking
3-dimensionally connected nanometer-sized cage structure and 2-dimensional
(2D) layered structure composed of a narrow gap semiconductor material layer
sandwiched by wide-gap insulating layers. I expected emergence of unique
electronic properties resulting from low-dimensional electronic state.
A typical example obtained from the 3D-connected sub-nanometer-sized
cage structure is conversion of a refractory oxide 12CaO·7Al2O3 (C12A7) to
a transparent semiconductor and a metallic conductor by electron-doping into
a conduction band composed of 3D-connected sub-nanometer-sized cages.
This material is a band insulator with a band gap of ~7eV, and is a known
as a constituent of alumina cement. Three-dimensionally connected subnanometer-sized cages with a positive charge form another conduction band
which is located ~2eV below the conduction band primarily composed of
5s/5d-orbitals of Ca ions constituting cage walls. While electron-doping to the
cage wall conduction band is impossible due to too low electron affinity, the cage
conduction band allows to be doped by appropriate methods. When the doped
electron concentration reached ~1x1021 cm-3, an insulator-metal transition is
observed and metallic C12A7 exhibits superconducting transition at 0.2-0.4K
at ambient atmosphere [3] and up to 8K at high pressure. [4]
A representative example obtained from the latter structure is a transparent
P-type semiconductor LaCuOCh (where Ch=S and Se). The lack of p-type
material was a major obstacle in TOSs for application as transparent oxide
electronics. In 1997, we reported a first p-type TOS, CuAlO2 with a layered
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chose LaCuOCh as a candidate material. This material belongs to tetragonal lattice (space group
P4/nmm) and is composed of alternative stacking semi-conductive (CuCh)- layer and insulating
(LaO)+ layers. Since the location of valence band maximum and conduction band minimum is
structure along with a chemical design concept. Although discovery of a series
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1.2. Electromagnetic properties of LaTMPnO

are transferred to the CuCh layers due to the presence of band offset. Spatial
separation of carrier transport layer from the impurity layers leads to retaining
large mobility, and confinement of hole and electron in the CuCh layers
results in the enhancement of exciton binding energy. These features led to the
realization of excitonic blue light emitting devise in 2004.1 Figure 1 summarizes
our research highlights.
1.2. Electromagnetic properties of LaTMPnO
Next our target was to realize magnetic semiconductors which can control
the magnetic properties by gating. I thought utilization of strong d-p interaction
for this purpose. LaCuOCh was proved to be good p-type semiconductors in
which positive holes are mobile through Ch p-orbitals constituting the valence
band maximum. When a Ch with -2 charge in LaCuOCh is replaced by a
pnicogen anion (Pn) with -3, Cu+ with 3d10 electronic configuration can be
substituted by a magnetic 3d transition metal cation (TM) with +2. We checked
database whether LaTMOPn with the same crystal structure as LaCuOCh was
reported or not, and found a series of such compounds were synthesized by W.
Jeitschko but almost no physical properties were reported. Thus, I expected
that intriguing electromagnetic properties including superconductivity would
be found arising from 2-dimensional electronic structure of TMPn in the
compound LaTMPnO. This was the motivation to start materials research on
this series of compounds.
Figure 2 summarizes electromagnetic properties of LaTMPnO which was
clarified to date. It is obvious that the electromagnetic properties drastically
vary with the number of 3d electrons in TM; anti-ferromagnetic (AFM)
semiconductors for the Cr and Mn, ferromagnetic(FM) metals for the Co,
paramagnetic metal but superconductor at low temperatures for Ni. When
TM=Fe, the properties are rather different between the P system and the
As system; LaFePO is a paramagnetic metal and exhibits superconducting
transition at ~4K without doping. This behavior is almost the same as that of
LaNiOCh.
Lesson 1. Superconductivity in LaTMPnO appears in the system based on
even number of 3d electrons and spin moments  1 as shown in Figure 2
(bottom).
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properties are rather different between the P system and the As system; LaFePO is a
paramagnetic metal and exhibits superconducting transition at ~4K without doping. This
behavior is almost the same as that of LaNiOCh.

Figure 2. Electromagnetic properties of LaTMOPn and spin configuration of each TM2+.

Figure 2.
Electromagnetic
of LaTMOPn and spin configuration of each TM2+.
1.2.1.
Tc in LaFeAsO
Emergence ofproperties

Yoichi Kamihara, a postdoc fellow in charge of TM=Fe, attempted aliovalent
substitution to dope carrier to LaFeAsO, following an experience of Tcenhancement in LaFePO. The result was marvelous! Although no noticeable
Lesson 1. Superconductivity in LaTMPnO appears in the system based on even number of 3d
change was seen upon doping of Ca to the La sites, F-doping to the O-site
electrons and
spin moments
1 as shown
Figure
2 (bottom).
induced
a drastic≦change
in theinx-T
curves
as shown in Figure 3. As the
F-content increased, zero-resistivity began to appear at T> 4K above F>4 mol%
and this temperature went up to 32K (onset) at F=11%. [5] The observed zero4
resistivity was confirmed to be due to superconductive
transition in the bulk by
measurements of magnetic susceptibility and heat capacity.
We noted the emergence of Tc accompanies the disappearance of sudden
r-drop around 160K. Although Tc was found for LaFePO, LaNiPO, and
LaNiAsO, no such a r-drop was observed for none of them.
Formation of Cooper pair, dynamic formation of singlet electron pair,
competes with static spin ordering. The magnitude of exchange interaction
controlling the latter is rather larger than that of the former. This is the main
reason why it was widely believed that iron, cobalt and nickel with large
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at capacity.

Figure 3. ρ-T curves for LaFePO and LaFeAsO1 ∙ xFx and photo of the sample with Tc = 32K.

igure 3. r-T curves for LaFePO and LaFeAsO1-xFx and photo of the sample

with Tc=32K.magnetic moments are harmful for emergence of superconductivity. In fact, no
superconductivity has been realized until now in oxide systems based on iron
even crystal structure has the same as those of high Tc-cuprtaes. [6]
Lesson 2. Combination of elements constituting the lattice is essentially
important for emergence of superconductivity. Although no superconductivity
has been realized
the combination
iron and oxygen, itofemerges
easilyr
in-drop
the around
noted the emergence
of Tcinaccompanies
theof disappearance
sudden
combination of iron and pnictgen.

hough Tc was found for LaFePO, LaNiPO, and LaNiAsO, no such a r-drop was obs
none of them.

1. Unique Features of Fe-based High Tc superconductors.

IBSCs have several unique characteristics in comparison with superconductors
reported so far.
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5

Several ten superconducting materials have been reported in layered iron pnictides or
chalcogenides. These materials contain a common building block of square lattice of Fe2+ ions
taking tetrahedral coordination with Pn (where P and/or As) or chalcogenide ions. About 10
parent compounds have been known to date and each crystal structure can be derived from
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Figure 4. Conceptional crystal structure for parent phases of IBSCs.

Figure 4. Conceptional crystal structure for parent phases of IBSCs.
1.2.3. Doping to induced superconductivity

Superconductivity emerges when anti-ferromagnetism disappears or
6
diminishes by carrier doping or structural modification by applying external
pressure or by chemical pressure induced by isovalent substitution. In any case,
the parent materials are metal having itinerant carriers and how to remove the
obstacles for emergence of superconductivity is an experimental approach.
a) Aliovalent doping
The first high Tc IBSC was discovered by a partial replacement of F- ion at
the oxygen site in La-1111 compounds. [5] The 1111 type compounds have
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a 2-dimensional electronic structure and a metallic conducting FeAs layer are
sandwiched by insulating and LaO layers. When the O2- site is replaced by an Fion, an electron generated is transferred to the FeAs layer due to an energy offset
(see Figure 3). The Tc appears when the anti-ferromagnetism (AFM) disappears.
On the other hand, the AFM and superconductivity coexist in the 122 system
and the optimal Tc appears to be obtained at a doping level where the Neel
temperature (TN) reached 0K, suggesting the close relationship between the
optimal Tc and quantum criticality. Electron doping into RE-1111 compounds
(where RE= rare earth metal) by this substitution was very successfully, i.e., the
max. Tc was increased from 26K to 55K by replacing La with other RE ion with
smaller ionic radius.
However, no experimental data on the shape and width of the Tc-dome in the
1111 system with the highest Tc were obtained until 2011, i.e., electron-doping
level was insufficient to observe the over-doped region. The primary origin is
poor solubility of F ions at the oxygen site (10-15%) due to the preferential
precipitation of stable REOF crystal. This restriction was removed by use of
hydride ion H- in place of F-. Hydrogen is the simplest bipolar element, and can
take +1 and -1 charge state depending on its local environment. The ionic radius
of H- (~110pm) is not so different from that of F- (133pm) or O2-(140pm).
The H-substituted RE-1111 compounds, REFeAsO1-xHx, were successfully
synthesized with an aid of high pressure. Figure 5 shows the synthetic
procedures. This synthesis is based on an idea that hydride-substituted state is
more stable than neutral oxygen vacancy in the charge blocking layer REO with
fluorite structure (an oxygen ion occupies tetrahedral site). Following this idea,
the mixture of starting materials with REFeAsO1-xHx was heated with a solid
hydrogen source which release H2 gas at high temperature under 2GPa. [7]
Figure 6 shows the electronic phase diagrams of REFeAsO1-xHx with different
RE (La, Ce, Sm and Gd). Three new findings are evident from the figure. First
is that La-1111 has two-dome structure in which the first dome is the same as
that reported previously for LaFeAsO1-xFx. The second dome newly found by
H-doping has a higher optimal Tc (36K) and a larger width. The temperature
dependence of conductivity at the normal state (150K>T>Tc) just above Tc
follows T2 (Fermi liquid like) for the first dome but T1 (non- Fermi liquid
like) for the second dome. [8] The double dome structure is not unique for the
La-1111 system and is seen for the chemical compositions with ~30K >Tc of
SmFeAs1-xPxO1-xHx. [9]
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The double dome structure is not unique for the La-1111

system and is seen for the chemical compositions with ~30K >Tc of SmFeAs1-xPxO1-xHx.9

Figure 5. Synthetic procedures for LnFeAsO1-xHx.

Figure 5. Synthetic procedures for LnFeAsO1-xHx.

Second is that although Tc has a single dome in other RE systems, its range is
much wider than that reported in the F-substituted case for the other lanthanide
systems. Third is that the optimal doping level is decreased with deceasing the
size of RE ion.
b) Isovalent doping
8 into IBSCs is effectiveness of isovalent
A unique characteristic of doping
doping. Two typical examples are introduced. One is partial substitution of Fe2+
site by Co2+ and another is replacement of As site by P. The former is understood
in term of electron doping because the Co2+ (3d7) has an excess 3d electron
compared with Fe2+ (3d6). [10] This finding makes a sharp contrast to the
results of impurity effects in high Tc cuprates for which Tc is easily degraded by
partial replacement of Cu2+ site. Robustness of Tc to impurity is closely related
to the pairing mechanism to be discussed in the pairing mechanism. This type
of substitution is often called direct doping because the TM replaces the iron
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Figure 6. Tc-x relation and phase diagram for LnFeAsO1-xHx. Note there are two AFM

Figure
Tc-xthe
relation
phase diagram for LnFeAsO1-xHx. Note there are two AFM phases
phases6.near
edge ofand
Tc-domes.
near the edge of Tc-domes.

sites in which superconductivity emerges. It is natural to consider that the Tc
induced
byalthough
the direct
doing
is rather
that by its
indirect
Second
is that
Tc has
a single
dome lower
in otherthan
RE systems,
range isdoping.
much wider than
that reported
in the
F-substituted
case for
the other lanthanide
is that the
optimal
Another
effective
isovalent
substitution
is seensystems.
in the Third
122 system
such
as
doping
decreased
deceasing
size of RE ion.
BaFelevel
(Asis P
) [11] .with
As the
Neel the
temperature
T of the parent phase is reduced
2

1-x x 2

N

by x, the Tc appears and reaches the maximum of ~30K around x=0.35 which
b)apparently
Isovalent doping
corresponds to the quantum critical point. The shape of this phase
diagram is similar to that obtained by electron doping using Co-substitution.
A unique characteristic
of doping into
IBSCs
is effectiveness
of isovalent doping.
Two
Emergence
of superconductivity
by the
similar
isovalent substitution
of anions
2+
2+
site
by
Co
and
another
typical
examples
are
introduced.
One
is
partial
substitution
of
Fe
directly bonding with iron is observed for FeSexTe1-x. Since this isovalent anionis
replacement
of As
site not
by P．The
former
is understood
in term of electron it
doping
because the
substitution
does
generate
carriers
unlike Co-substitution,
is understood
2+
7
2+
6 10)
(3dthe
) has
an excess
3d electron
comparedthe
with
Fe geometry
(3d ). This
findingirons,
makeswhich
a sharp
Cothat
anion
substitution
modifies
local
around
contrast
to the
results
impurity effects
high Tc
cuprates
for which Tc
is easily
degradedof
by
in turn
leads
toofweakening
of in
AFM
order
competing
with
emergence
2+
site.the
Robustness
Tc to impurity
is closely
related to
the pairing
partial
replacement of CuSince
superconductivity.
parent of
materials
of IBSC
are metals
containing
9

– 94 –

carriers enough to induce superconductivity, the primary effect of isovalent
anion substitution is attribute to weaken the AFM.
Question:
Substitutional doping by isovalent ion does not work for semiconductors in
general but Co and Ni substitution to Fe site does for metallic parent phases of
IBSCs. Is such carrier doping effective to other metallic system?
c) Doping by intercalation
The parent materials of IBSC have layered structure. Insertion of ions and/
or molecules is possible without keeping the original FePn(Ch) layers in some
parent materials. Metal-superconductor conversion has been reported to date for
11 and 122 compounds. The FeSe intercalates obtained from low-temperature
alkali metal and NH3 co-intercalation exhibit higher Tc of 30-46K compared
with the samples obtained by conventional high temperature methods. A
unique feature of this process is that a small sized-alkali cation such as Li and
Na combined with the NH2- anion or NH3 molecules can be intercalated into
the FeSe layers because the formation of ion intercalates is restricted to largesized monovalent cations such as Cs and Tl by conventional high temperature
methods.
d) Field Effect
It is a novel approach foe exploration of new superconductors by applying
large electric field to insulators utilizing an electric double layer transistor
structure. [12] The 234 phase such as K0.8Fe1.6Se2 is the only one insulating
parent compound with high TN and a distinct band gap. Katase et al. [13]
reported a distinct field effect on the conductivity of epitaxial thin films of
TlFe1.6Se2 employing this method but superconductivity was not attained yet.
Wang et al [14] reported that the Fe-vacancy ordered K2Fe4Se5 is the magnetic,
Mott insulating parent compound of the superconducting state. According to
these results, it is essential to realize superconductivity in this material that antiferromagnetism due to the Fe-vacancy ordering is eliminated by field effect.
High Tc of > 30 K was reported also in electric double-layer transitions (EDLT)
of FeSe [15], [16] and (Li,Fe)OHFeSe EDLT. [17] Because the surface of FeSe
films is quite sensitive to air exposure, an FeSe EDLT device had to fabricate
via an all in-situ sample transfer system. These characteristic extremely high Tc
is unique properties for the 11 phase among iron-based superconductors. Both
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of the atomically thin layer and EDLT structure seem not to be appropriate for
application. However, clarification of the origin of such extremely high Tc should
contribute to findings of new high-Tc materials exhibiting high performance.
Questions:
(1) The Tc of FeSe appears to increase with electron carriers induced by
gating in ELDT. Gating induced carrier injection is a way of clean doping
because impurity doping is not needed. If atomically flat Sm1111 is obtained,
does the optimal Tc exceed 55K?
(2) The parent phase of IBSCs including FeSe (except 234 phase) is metal,
not semiconductor. Why does ELDT work to induce a lot of carriers in the
metallic phase?
e) Does electron-doping by introduction of oxygen vacancy effectively work?
Another electron doping proposed in IBSCs way reported was by introduction
of oxygen vacancy to LnO layers in LnFeAsO1-x samples [18] These samples are
synthesized by heating the batch of oxygen deficient compositions under high
pressure. If an oxygen vacancy substitutes the oxygen ion site, 2 carrier electrons
should be generated. However, the Tc values of oxygen-deficient LnFeAsO1−x
agree well with those of hydrogen-substituted ones if they are plotted against
their a-axis dimension. To clarify this contradiction. We examined the
preferred electron-dopant species at oxygen site in LnFeAsO by changing the
atmospheres (H2,H2O and H2- and H2O-free), paying special attention to cell
assembly to prevent external contamination. [19] The results obtained are; (1)
samples synthesized under an H2 or H2O atmosphere in high pressure were
LnFeAsO1-xHx, not LnFeAsO1-x. (2) The samples with the nominal composition
LnFeAsO1−x synthesized under H2- and H2O-free atmospheres were nearly
stoichiometric SmFeAsO. (3) It is most likely that the samples of SmFeAsO1−x
reported so far are actually SmFeAsO1−xHx, formed by incorporating hydrogen
from the atmosphere and/or starting materials. DFT calculations showed that
the hydrogen-substituted samples are more stable than the oxygen-vacancy
substituted samples and substantiates the experimental results.
Lesson. Neutral oxygen vacancy (having 2 electrons) is stabilized by trapping
hydrogen as H-, generating carrier electron in IBSCs. One needs to pay attention
to possibility that neutral oxygen vacancy is transformed into vacancy trapping
H- in other systems. This is particularly important for samples treated in H2– 96 –

atmosphere including thin film deposition in a vacuum chamber in which
residual gas is mainly hydrogen.
2. WHY 1111 TYPE GIVES THE HIGHEST TC?
There is a clear difference between 1111 and 122 systems. A striking difference
is whether the AF phase deriving from the non-doped parent compound coexists
with superconducting phase or not. It is consensuses that both do not distinctly
coexist in the 1111 system, while the two phases do in the 122 system. It is of
interest to note that there is a distinct separation between magnetic (PM-AF)
and structural (Tetra-Orth) transitions in the 1111 system. There are two major
discoveries associated with the phase diagram. One is the discovery of electronic
nematic ordering phase which appears in BaFe2(As1-xPx)2 at temperatures higher
than the structural/magnetic transition. Magnetic torque measurements
revealed that the electronic nematic phase has 2-fold symmetry notwithstanding
that crystal lattice still keeps 4-fold symmetry (tetragonal). [20] The presence of
such an electronic nematic phase with C2 symmetry in the crystalline phase
with C4 symmetry is suggested in various superconductors. Although a similar
electronic nematic phase has been reported recently in FeSe, it is still unknown
whether the existence of electro nematic phase is universal for each IBSC and
the relation with superconductivity.

Figure 7. Change of Tc-x dome in LaH-1111 system upon applying high pressure and in
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Second is the discovery of bipartite phases
systems is rather extended than that one thought before the over-doped region is elucidated by
heavy electron-doping using hydrogen anion as the dopant instead of F. As a result, the two

Second is the discovery of bipartite phases in La-1111 system. [21] The
Tc-dome in RE-1111 systems is rather extended than that one thought
before the over-doped region is elucidated by heavy electron-doping using
hydrogen anion as the dopant instead of F. As a result, the two dome structure
was elucidated in LaFeAsO1-xHx and each Tc dome has a different parent
compound, i.e., the parent compound of the first dome (0.05<x<0.18) is the
non-doped LaFeAsO with TN of ~140K, which was already known, and that
of the second dome (0.2<x<0.45) is LaFeAsO0.5H0.5 with TN of ~90K. Each
of them is AFM but the spin moment of the latter is almost double than that
of the former.
The shape of Tc dome is changed with pressure or chemical compositions
as shown in Fig.7. When high pressure is applied to LaFeAsO1-xHx, the
two domes merge into a single dome with the optimal Tc=52K. [22] These
results suggest the higher Tc>40K is realized by merging two dome structure.
This idea was substantiated by the results on SmFeAs1-yPyO1-xHx in which
electron concentration are chemical pressure are independently tuned by x
and y, respectively. When Tc>40K, one dome structure is seen, but two dome
structure appears when Tc < 40K. [9]
Recently, two dome structure was reported in other system, Li1-xFexOHFe1Se [22] and Lix(NH3)yFeSe [24] Both systems give two Tc domes when
y
pressure is applied. The second Tc dome appearing at higher pressure has
Tc>50K and T-dependence of resistivity in the normal state is linear (n=1).
Such a situation is similar to LaFeAsO1-xHx.
Questions:
(1) It is often said that high Tc of cuprates comes from higher TN in the
parent phases. However, Tc in IBSCs is higher for lower TN [25] including two
parent phases in LnH-1111 systems. What is the dominant factor controlling
Tc in magnetic transition metal-based superconductors?
(2) A series of the experimental results strongly suggest that there are two
factors controlling the superconductivity of the first and two domes and higher
Tc is obtained when the two domes merge to form a single dome. What are
these factors? Several theorists claim spin, orbital and/or charge fluctuation is
contributing but no consensus for the which is dominant.
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Toward application
Epitaxial thin film growth of various types of iron-based superconductors
is now possible by using pulsed laser deposition and molecular beam epitaxy,
although the fabrication of the 1111-type materials with higher Tc was
unsuccessful at early stage of the research. The most well-studies system
is the 122 system because of easy fabrication and a small anisotropy of the
conduction properties. The first Josephson junction and SQUID were also
reported using BaFe2As2:Co epitaxial thin films. The enhancement of Jc under
high magnetic field was improved by different methods such as introduction
of epitaxial SrTiO3 leading to oxide pinning center formation or iron buffer
layer. The maximum self-field Jc >10MA/cm2 was attained for BaFe2(As1P ) , recently.
x x 2
It is a key step for wire fabrication to determine the critical titling angle
between two grains of single crystals to keep high Jc. The critical angle
determined using bi-crystal single crystal substrates with different tilting
angles was ~9° [26], which is twice larger than that ( 9-10°) of high Tc-cuprates.
This finding revealed that the 122 type iron-pnictide superconductors have an
advantageous grain boundary nature over the cuprates for wire application.
Wire-fabrication has primarily carried out for the cobalt-doped 122
superconductors because of their small anisotropy in transport properties and
relatively high Tc. Although a poor grain boundary nature obtained from a
very small transport current made people pessimistic for wire application at the
initial stage, the progress of wire performance from 2011 to date is remarkable.
The wire was fabricated by a conventional power-in-tube (PIT) method. The
current issue is to fabricate the round-shape wire with the Jc>0.1 MA/cm2
at 10T-4K. Since the max Jc of the epitaxial thin films was largely enhanced
by replacing BaFe2As2:Co with Tc= 25K to Ba(FeAs1-xPx) with Tc=31K, it is
critical to choose an appropriate superconducting materials with higher Tc
and less anisotropy. Since several superconducting materials with Tc>40K
were recently reported, we may expect a new material with Tc>40K and less
anisotropy. Recent progress in IBSCs for fundamental and applications were
reviewed by ref. 27 [27] and ref 28 [28] . Exploration of new superconductors
by our project supported by the Japanese Government was summarized in a
review covering several hundred unsuccessful results. [29]
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Abstract
Because theory does not yet successfully predict which materials will be
superconductors, measuring single phase compounds is inefficient in the search
for high temperature superconductivity. We have developed and implemented
Magnetic Field Modulated Microwave Spectroscopy (MFMMS), a proven
method that allows identification of superconducting phases in highly
heterogeneous samples with high sensitivity. This technique can quickly search
a broad range of phases simultaneously, which allows us to rapidly screen for
interesting samples. We have applied this technique to inhomogeneous samples
prepared by a variety of methods: bulk samples synthesized through powder
metallurgy [1], phase spread alloys (PSAs) [2] and natural samples [3]. By using
MFMMS in conjunction with traditional measurements we are able to search
whole areas of material phase space at once, without relying on predictions of
which parts of it will contain superconductivity.
1. INTRODUCTION
Most major discoveries of high temperature superconductors have been
products of luck rather than theory [4-6]. While theory explains much of the
experimental results quite successfully, it has not been successful in predicting
which material phases will be superconducting. Theory can motivate ideas of
where to search for superconductivity, but currently, the best way to find new
superconducting phases is to be extremely fortunate. One way to mitigate
this is to search faster, by testing a large number of material phases. This is
difficult to do synthesizing different material phases one at a time. However,
Proc.Int.Symp “Superconductivity and Pressure
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– 103
– RTSC”. May 21-22, 2018. Madrid. Spain

by measuring inhomogeneous samples, we can search for superconductivity in
many material phases simultaneously, which can drastically speed up our search.
This is a historically proven approach: for instance, the original discovery of
superconductivity in the Y-Ba-Cu-O system was in a multiphase sample [7].
Although measuring inhomogeneous samples is an effective way of
increasing the odds of producing a new superconductor, characterizing them
is inherently difficult because a superconducting phase can be a very small
fraction of the overall sample. An extremely sensitive technique is required to
detect such phases. MFMMS is the most sensitive experimental technique for
detecting superconducting transitions within inhomogeneous materials [8]. The
MFMMS apparatus can detect as little as 10-12 cc of superconducting material
in a non-superconducting matrix between 4 K and 300 K, within one hour.
This technique is three orders of magnitude more sensitive than conventional
changes in electromagnetic properties, it measures minimal signal from “uninteresting” (i.e. nondetection
methods such as SQUID or Vibrating Sample Magnetometry (VSM)
superconducting) phases. This sensitivity and selectivity allows it to detect minute
maggetometry.
addition,
because
this technique
superconductingIn
phases
embedded
in heterogeneous
samples.selectively measures changes
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In MFMMS, samples are placed in a resonant microwave cavity as shown in Figure 1, with an
AC field (HAC ~ 15 Oe) and a DC offset
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superconducting sample near Tc, the AC field modulates the sample across the superconducting
transition. MFMMS measures the magnetic field derivative of the microwave absorption, so for a
superconducting transition, there is a sharp, characteristic peak in the signal at Tc (Figure 2a). For
comparison, measurements of a Nb thin film using MFMMS, electrical transport and VSM show

2. EXPERIMENTAL
In MFMMS, samples are placed in a resonant microwave cavity as shown
in Figure 1, with an AC field (HAC ~ 15 Oe) and a DC offset field (HDC < 1 T)
applied in parallel. For a superconducting sample near Tc, the AC field modulates
the sample across the superconducting transition. MFMMS measures the
magnetic field derivative of the microwave absorption, so for a superconducting
transition, there is a sharp, characteristic peak in the signal at Tc (Figure 2a).
For comparison, measurements of a Nb thin film using MFMMS, electrical
transport and VSM show a similar Tc measured by each technique (Figure 2).
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Once a superconducting phase is detected within a sample, it may be identified
by a “divide and conquer” method. In this method, the sample is subdivided
into “subsamples” which are remeasured individually with MFMMS to isolate
the most strongly superconducting signal. The subsamples which exhibits the
strongest superconducting signal is subject then to a range of complementary
techniques in order to characterize the unknown superconducting phase. VSM
and electrical transport measurements are used to confirm superconductivity.
Furthermore, x-ray diffraction, Rietveld refinement, energy-dispersive x-ray
spectroscopy and high sensitivity chemical analysis can be used to characterize
the superconducting phase. This program as described above has been
implemented for all classes of superconducting materials including: elements,
A15s, MgB2, pnictides, cuprates, etc.
3. RESULTS AND DISCUSSION
MFMMS measurements can make powder metallurgy projects easier.
Typically, much effort is dedicated to synthesizing a pure phase. However,
MFMMS projects are not harmed and in fact benefit from having an impure
product. These impurity phases might themselves be superconducting and
MFMMS is more likely to be able detect them. One such project inspired by our
work with both natural and bulk samples is the search for new superconducting
phases in lead oxychlorides. These compounds have an Aurivillius structure
shown in Figure 3a [9], similar to some cuprates [10, 11] and exist as natural
minerals [12-16]. We have synthesized these minerals via powder metallurgy.
Figure 3b shows a superconducting transition in a Ga-doped Asisite sample
(Pb7SiO8Cl2). It is unclear if the apparent peak at 6 K is a new superconducting
phase or a lead impurity and work on these compounds is ongoing.
Another type of multiphase sample, PSAs are samples with a spatially
distributed spectrum of phases that can be probed simultaneously with
MFMMS. One way to achieve a PSA is by quenching annealed homogenous
samples to create multiple intermetallic phases, which was done previously in
the La-Si-C system [2]. Another technique is to grow a thin film by sputtering
two or more stoichiometric targets on to a substrate with varied positions. By
changing the sample position a chemical concentration gradient is formed
across the substrate [17, 18]. While the subphases might not be large enough
for a superconducting percolation path to form, a highly sensitive technique like
MFMMS is able to detect their transition.
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temperatures [20] and have a variety of material phases within them. In this vein,
are inherently inhomogeneous and can have a range of material phases within them. On the other
MFMMS
has been previously used to measure lunar samples (it was determined
hand, they can be difficult to measure and choosing interesting ones requires careful selection. A
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collected from the Amundsen-Scott station at the South Pole. Micrometeorites
them. In this vein, MFMMS has been previously used to measure lunar samples (it was
are meteorites smaller than about 2 mm. While these samples did not contain
any novel superconducting phase, MFMMS measurements were able to study
magnetic phases within these micrometeorites. The exploration of possible
superconductivity was extended beyond micrometeorites and new studies are
underway exploring the properties of meteorites using MFMMS.
The method discussed here has the potential of leading to the discovery of new
high temperature superconductors, although it has not yet led to any spectacular
discoveries. To maximize the odds we are exploring all available synthesis leads:
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PSAs, inhomogeneous phases and naturally occurring minerals and meteorites.
To enhance our chances of finding new superconductors and work faster –if not
smarter– we are always looking for new collaborations. A complete list of all
systems that have been explored is accessible at the Superconductivity Research
Database [21].
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Abstract
Superconducting vortices are robust topological defects which allow studying
a lot of distinct topics and scenarios. In this paper we will focus on the interplay
between superconducting vortices and very different magnetic topological
defects among them tiny magnetic walls or magnetic Néel walls. Hybrid
superconducting/magnetic samples are fabricated using standard sputtering,
lithography and etching techniques. The samples are arrays of nanomagnets
embedded in Nb superconducting films. Different types of magnetic arrays
have been fabricated with representative magnetic behaviors. Among them
two extreme situations are arrays of nanotriangles made with a-CoNd alloys
with out-of-plane magnetization domains and Co honeycomb structures
showing magnetic spin-ice configuration. We can obtain relevant information
on the magnetic states of nanomagnets using superconducting vortices as a
magnetic probe. This happens since magnetic periodic pinning potentials induce
distinctive features in the superconducting vortex dynamics.
Magnetoresistance measurements (vortex motion) can detect and
discriminate stray magnetic fields and their orientations. One interesting and
complex magnetic system is spin ice. In this case the magnetic system shows
magnetic frustration; i. e. magnetic moments interacting through competing
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exchange interactions that cannot be fulfilled at once. In our case, artificially spin
ice arrays are fabricated with nanomagnets which are geometrically frustrated
following the so-called in-out ice rules. In our case the artificial spin-ice is based
on Co honeycomb nanostructures. This system exhibits charged magnetic Néel
walls. In this situation, the superconducting vortex lattice dynamics probes the
asymmetric magnetic pinning potential, therefore a ratchet effect develops. That
is; an alternating force applied on the superconducting vortex lattice yields a net
motion of the vortex lattice and the result is dc voltage; therefore, a rectification
effect is obtained.
1. INTRODUCTION
Magnetism and Superconductivity are two long range order and cooperative
effects that compete each other. Recently, this antagonist behavior has been
turned around, since magnetic nanostructures could enhance superconducting
properties, among many examples we can notice the so-called domain wall
superconductivity [1, 2]. In the present work, we have followed the opposite
approach; we show that superconductivity is an appropriate tool to probe the
magnetic behavior of nanomagnets. The behavior of superconducting vortex
dynamics when the vortex lattice moves on an array of nanomagnets is a
powerful tool to study magnetism at the nanoscale.
Superconducting vortices are robust topological defects which appear when
a magnetic field is applied to a superconductor between the Hc1 (lower critical
field) and Hc2 (upper critical field) [3]. Figure 1(a) shows the vortex structure.
The most interesting fact is the presence of normal conduction electrons in the
vortex core. The diameter of the core is 2 times the superconducting length (ξ).
In the figure ns(r) designates the Cooper pair density that vanishes at the vortex
core.
When an electrical current is applied to the superconductor a Lorentz force is
developed on the vortex (see Figure1 (b)). According to Josephson [4] the vortex
motion yields an electrical field in the same direction of the applied current and
perpendicular to the vortex motion direction. Therefore, a superconductor with
applied current and external applied magnetic field always generate dissipation.
Fortunately, defects in the samples prevent the vortex motion up to a value of the
Lorentz force enough to unpinned the vortices [5]. The corresponding applied
current is called the critical current (do not confuse with the critical current in a

– 112 –

superconducting length (x). In the figure ns(r) designates the Cooper pair density that vanishes at
the vortex core.
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which supports that vortex motion is the mechanism to obtained dissipation in
the mixed state of a type II superconductor.
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close to the critical temperature and the array potentials overcome the intrinsic
potentials [8]. Vortex lattice on the move in these arrays result in vortex lattice
reconfiguration effects [9], channeling effects [10, 11], commensurability effects
[7, 12, 13] and ratchet effects [14-16]. Among these phenomena matching
effects and ratchet effects are relevant for the present paper. So, next lines are
dedicated to summarize the needed backgrounds to understand the findings of
this work.
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Figure 2. Giaever Transformer. Two superconductors are separated by a thick insulator. A
current over the superconducting critical current is applied to the upper superconductor. The
voltage measured in the top (Vt) and the bottom (Vb) superconductors shows the same value.
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the superconducting critical current is applied to the upper superconductor. The voltage measured in the
top (Vt) and the bottom (Vb) superconductors shows the same value. Therefore, vortices are the electrical
carriers in the mixed state.

At temperatures close to the critical temperature, a vortex lattice moving on an
array of defects is sensitive to periodic pinning potentials. The magnetoresistance
measurements show sharp and evenly spaced minima in the resistivity [7]. The
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work of Martin et al [7], many researchers have studied vortex lattice dynamics on array of
the applied current is always above the critical current. The matching magnetic
defects. The periodic pinning potentials are at work when the temperature is close to the critical
fields Bm (resistivity minima) can be calculated taking into account that they are
temperature
and the array potentials overcome the intrinsic potentials [8]. Vortex lattice on the
evenly separated and that the main matching field (m=1) is the one for which
move in these arrays result in vortex lattice reconfiguration effects [9], channeling effects [10,
the density of vortex lattice equals the density of pinning centers; n being the
11], commensurability effects [7, 12, 13] and ratchet effects [14-16]. Among these phenomena
density of pinning centers and F0 the fluxoid the matching fields Bm:
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The values of the matching fields can be calculated straightforwardly. We
present below examples taken from the main regular arrays:
Triangular lattice array (with a being the side of the equilateral triangle):

Square lattice array (with a being the side of the square):

Rectangular lattice array (with a, b being the sides of the rectangle):

Ratchet effect occurs when, driven by zero-average force, particles are moving
on asymmetric potentials. Different origins can provide the driving forces; for
instance, via an external time-dependent modulation (ac injected current in
our case) [14] as well as by energy input from a non-equilibrium source such
as a chemical reaction (motor proteins) [17]. Ratchet effects are in the core of
many fundamental mechanisms in Nature, they span from Biology to Physics.
The needed ingredients in ratchet phenomena are: a) Periodic structures
which lack reflection symmetry; b) Input signal yielding fluctuation motion of
particles with zero-average oscillation. That is: Zero average input signal and
asymmetric potentials the outcome is net flow of particles. Superconducting
vortices are our “particles”. First, we obtain the superconducting vortices
applying perpendicularly magnetic fields at matching conditions Hz = H1. Next
an ac current creates an alternating Lorentz force FL on the vortex lattice that
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results in a rectified vortex velocity, as long as there is an asymmetry between
backward/forward pinning forces. In short, an ac current density J = Jac sin(ω
t) is injected, where ω is the ac frequency, in our case 1 kHz and t is time. This
yields an alternating Lorentz force (FL) on the vortices FL = J x F0 z, F0 and z
being the magnetic fluxoid and the unit vector parallel to the applied magnetic
field respectively. Albeit the time averaged force on the vortices is zero, taking
into account the Josephson expression [4] (E = B x v, being E, B and v the
electric field, the magnetic field and the vortex lattice velocity, respectively) an
output dc voltage is measured proportional to the rectified vortex velocity. In
summary, an ac current input yields a dc voltage output and a ratchet effect is
achieved if forward/backward pinning forces are asymmetric.
In this article we are going to explore matching and ratchet effect when the
array is magnetic, that is the periodic defects (pinning potentials) are magnetic.
We show that the superconducting vortex dynamics (magnetoresistance
measurements) can detect subtle changes in the magnetic state of the nanomagnet
arrays. Arrays of nanomagnets of CoNd alloy and Co/Pd multilayers are used for
the matching experiments and honeycomb array of Co are used for the ratchet
effect. In the former the nanomagnets show magnetic perpendicular anisotropy
in the latter the magnetic array show a spin ice configuration with charged Néel
walls in the intersections between bars.
2. EXPERIMENTAL
We have grown superconducting/magnetic hybrids on Si (100) substrates by
standard sputtering and electron beam lithography techniques. The thickness of
the superconducting film is always 100 nm. The superconducting film is Nb.
Two different types of arrays have been fabricated. First, arrays have been grown
with triangular-shaped nanomagnets of amorphous CoNd alloy (a-CoNd), and
superlattices of Co/Pd dots. Secondly, Co honeycomb array have been fabricated
too. In the case of a-CoNd arrays the nanomagnets are obtained by sputtering
from a single target. The dot height is always 40 nm. The magnetic multilayers
are made of {Co [0.4 nm]/Pd [0.6 nm]} with total thickness 40 nm and in both
cases the equilateral triangles (650 nm sides) are arranged following a rectangular
unit cell of 800 nm × 700 nm. The magnetic multilayer is deposited by sputtering
from single Co and Pd targets; The cobalt (Co) based spin ice geometry is also
fabricated by a combination of electron beam lithography and magnetron
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Figure 3. (a) Array of triangular dots of a-CoNd nanomagnets. (b) Array of honeycomb Co
nanomagnets.
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3. RESULTS AND DISCUSSION

3.1. Matching effect: Nb film/nanomagnets of a-NdCo alloy and Nb film/
nanomagnets
of Co/Pd multilayers
3. RESULTS AND
DISCUSSION

Figure 4 shows the temperature dependence of the magnetoresistance of asgrown Nb film/nanomagnets of a-NdCo alloy. We can observe sharp and well
defined equal spaced minima corresponding to the matching conditions. Worth
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The magnetic differences between these two systems fall in the different
magnitude of the perpendicular magnetic anisotropy. a-NdCo shows a weak
perpendicular magnetic anisotropy [20] while Co/Pd multilayers shows a
well-known strong perpendicular magnetic anisotropy [21]. In the former the
vortices interact with the triangles as usual; while in the latter the as-grown
(demagnetized) sample shows large and well defined up and down magnetic
domains which are at random (see Figure 6 (a)) and therefore the random
magnetic stray fields from these domains mask the periodic triangles and the
magnetoresistance minima vanish.
An easy test to confirm this claim is to magnetized the sample with a
saturating field perpendicularly applied to the sample plane (see Figure 6 (b))
and measured the magnetoresistance in the remanent state. Figure 7 shows that
we recover the minima but a new effect appears, the minima are shifted, and this
is due to the interplay between superconducting vortices and anti-vortices with
the strong stray fields [22, 23].
In conclusion superconducting vortex lattice dynamics can be used as a
powerful tool to probe the magnetic state of arrays of nanomagnets. The only two
necessary conditions are: first the nanomagnets arrangement has to be periodic
and secondly the magnetization of the nanomagnets has to yield stray fields.
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3.2. Ratchet effect: Nb film/spin ice Co honeycomb array
Nowadays spin ice is a relevant topic [24] in magnetism. Magnetic frustration
is the key; the origin is similar to the well-known spin glasses [25] where magnetic
moments interacting through antiferromagnetic exchange interactions can be
Figure 7. Magnetoresistance of sample (Nb film/[Co/Pd] multilayer triangles) at remanent states Tc(H=0)
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saturation is reached in one of the easy axis directions. We observe a perfect periodic array of
up and down stray fields on the vertices of the array (intersection of the three bars) which set the
two in-one out or one in-two out spin ice rules. This ordered state is called Ice type II state.
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frustrated by geometrical constrictions. In the case of spin ice arrays fabricated
with nanomagnets the exchange interactions cannot be fulfilled at once, since
they
are frustrated
the geometry
which forces
Pauling vortex
This
perfect
periodicbystate
can be explored
by following
means ofthe
theso-called
superconducting
ice rules (two in-two out). In our honeycomb structure, see Figure 3 (b), the
dynamics as in the previous paragraph. Figure 9 shows the results. We can observe that in this
rules are two in-one out or one in-two out, the so-called pseudo-spin ice, but the
peculiar array exists commensurability effects between the superconducting vortex lattice and
background Physics is the same in both cases.
The honeycomb structure defines three easy axes of magnetization, each
one parallel to one of the bar directions. Figure 8 shows MFM image of
honeycomb remanent magnetic state after saturation is reached in one of the
easy axis directions. We observe a perfect periodic array of up and down stray
fields on the vertices of the array (intersection of the three bars) which set the
two in-one out or one in-two out spin ice rules. This ordered state is called Ice
type II state.
This perfect periodic state can be explored by means of the superconducting
vortex dynamics as in the previous paragraph. Figure 9 shows the results. We
can observe that in this peculiar array exists commensurability effects between
the superconducting vortex lattice and the unit cell of the array. That in the
present case is a triangle. In the inset we have plotted the theoretical and the
experimental matching field positions (see expression 2 in the introduction).
The magnetic structure of the vertex can be clear up by careful MFM
technique. In these intersections the magnetization is frustrated, since it has to
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(a)

(b)

Figure 9. (a) Normalized magnetoresistance curve of the hybrid sample at 0.98 TC (TC = 8.4
K, RN being the resistance at 10K) and in the remanent state, after saturating the Co honeycomb
array with m0HS (7 T) along the magnetic easy axis (ordered Ice II configuration). Note the
periodic minima in the resistance at regular field intervals m0Hn. Inset shows m0Hn vs. n linear
dependence with slope 4 mT. (b) SEM image of Co honeycomb array with triangle indicating
the geometrical dimensions of the lattice of -1 ice charges in Ice II state.

follow the honeycomb geometry. We can establish the magnetization rotation
mechanisms. Figure 10 is one MFM picture of this mechanism. The arrows
indicate the magnetization directions in the bars and the vertex consists in two
V-shaped charged Néel walls with different polarity.
In summary, the superconducting vortices interact with the stray fields
coming from the charged Néel walls. These pinning potentials are asymmetric as
can be seen in Figure 11 where the experimental profile is recorded using MFM.
We observe asymmetric slopes with the same shape for both spin ice charges.
This is promising for a possible ratchet device.
Figure 12 shows the experimental results when the honeycomb array is
in an ordered Ice II state and the driving force for the vortices is ac current.
The output: ratchet voltages of several mV are measured, this net dc voltage
is the characteristic outcome for interacting particles moving on asymmetric
potentials. Thus, our hybrid Co honeycomb/Nb sample works as a rectifier:
input alternating forces generate output net flow.
In summary, we have studied a new superconducting ratchet effect. This
ratchet is based on the following ingredients: as the origin of the needed
asymmetric potentials, magnetic charged Néel walls in a spin ice honeycomb
array and superconducting vortices, which are driven by alternating forces, as
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Abstract
Elucidating the role, ubiquity and importance of various nanoscale broken
symmetry states and nanoscale heterogeneities and fluctuations in complex
electronic materials represents an important ingredient for more comprehensive
understanding of the observed emergent properties. This is an enormously
challenging experimental problem because of the difficulty of studying signals
from phases that exhibit order, but only on the nanoscale. Applications of
methods sensitive to short-range ordered structural, orbital, charge, and magnetic
correlations, and spectroscopy which provide information on local rather than
global symmetry frequently reveal important insights. This contribution highlights
utilization of advanced Fourier methods for detecting and tracking static or
dynamic nanoscale broken-symmetry states in two classes of unconventional
superconductors – first reported high-TC superconducting cuprate La2-xBaxCuO4,
and a more recently discovered iridium dichalcogenide family of superconductors
Ir1-x(Pt,Rh)xTe2. In the former system evidence is found for nanoscale dynamic
fluctuations related to charge-ordered state persisting up to room temperature, in
relation to the well-known 1/8-anomaly, doped hole concentration for which the
bulk superconductivity is suppressed. In the latter system, no evidence is found
for Ir-Ir dimer fluctuations playing an important part of the phase diagram of this
newly discovered superconductor, placing at rest early hypotheses to the contrary.
This exemplifies the power of total scattering based atomic pair distribution
function approaches in exploring the world of nanoscale fluctuations in complex
systems such as unconventional superconductors.
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1. INTRODUCTION
As is well known and established through a wide body of work spanning
decades of both experimental and theoretical efforts, the appearance of
superconductivity in the proximity and upon destabilization of other
quantum states well describes a situation in many complex electronic systems,
as exemplified by the phase diagrams of unconventional superconductors [1,
2]. Deciphering how superconductivity emerges in these materials and what
is its relationship to these proximal orders, is among the greatest challenges of
contemporary condensed matter physics. While long-range ordered phases are
generally seen as detrimental for superconductivity, fluctuations of these phases
are often considered to have ties to superconducting pairing [3], but the details
are intricate and are still puzzling.
Not infrequently, the quest for understanding the unconventional
superconductivity involves excursions to related materials allowing to focus
on specific aspects of the complexity. For example, layered transition metal
dichalcogenides (TMD) as low dimensional solids provide an opportune
platform to study various electronic instabilities, most notably the interplay
between charge density wave (CDW) [4, 5] and superconductivity (SC) [6, 7].
Critically, in some TMD classes, CDW is found to be easily driven into SC by
tweaking the system parameters such as the chemical composition and pressure
[8-13] resulting in dome-shaped phase diagrams and linear dependence of TC
on the superfluid density [14], reminiscent of cuprates. The perceived similarity
with cuprates that exhibit ubiquitous susceptibility to charge ordering [15-19]
extends also to homologous pseudogaps [20-23]. It is therefore not coincidental
that systematic explorations of TMDs are expected to provide further insights
of relevance for the cuprate physics [17, 24-26].
In this contribution we highlight two exemplar systems in which an
interplay of CDW-like fluctuations and superconductivity are of central
interest. The first high-TC superconducting cuprate, La2-xBaxCuO4, discovered
in 1986 by Bednorz and Müller [27], is also the system where, from the very
early days, a mysterious 1/8-anomaly had been observed – a suppression of
bulk superconductivity for specific “magic” concentration (x=0.125) of
doped holes [28]. As of more recently, an understanding has been building up
that this anomaly in fact relates to the presence of an electronic phase which
is a competitor to SC-CDW long range ordered phase which is presumably
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stabilized at this special composition. Here we provide an abridged account
of a recent study [29] presenting evidence for existence, up to at least room
temperature, of nanoscale dynamic fluctuations related to such a chargeordered ground state state. In contrast, unambiguous evidence for absence
of similar fluctuations, associated with Ir3+-Ir3+ dimerization borne out of a
CDW-like ground state, has also recently been established [30,31] for a novel
family of IrTe2-based superconductors, in contrast to speculations based on
observed similarities of their electronic phase diagrams to these of cuprate
superconductors. Strong coupling of the electronic state to the lattice in these
systems enables utilization of local structure methods, such as the atomic pair
distribution function (PDF) [32] and extended x-ray absorption fine structure
(EXAFS) [33], to study the evolution of such a state across the dopingtemperature, (x, T), phase diagrams of interest. The highlighted results attest
to the importance of utilization of advanced Fourier techniques in what
should be routine surveys of not only unconventional superconductors, but
also many other materials exhibiting nanoscale complexities.
2. EXPERIMENTAL
X-ray and neutron total scattering based atomic PDF analysis is an effective
tool for studying the nanoscale broken-symmetry states. The PDF, obtained
from Fourier-transformation of the reduced total scattering function F(Q),
where Q is the scattering momentum transfer, has been traditionally used
in the structural analysis of liquids and glasses [34]. With the advent of
synchrotron-based radiation sources, i.e. the synchrotron x-ray sources and
the pulsed neutron sources, the method found its application in the studies of
crystalline materials with defects or with local deviations from the ideal crystal
lattice [32]. Finely pulverized samples of La2−xBaxCuO4, with Ba content in
the 0.095 ≤ x ≤ 0.155 range, as well as an undoped La2CuO4 polycrystalline
parent reference, were grown using standard solid-state protocols; these were
used for the neutron total scattering atomic PDF experiments. Neutron
time-of-flight measurements were carried out on the NPDF instrument at
Los Alamos Neutron Scattering Center at Los Alamos National Laboratory.
Temperature-dependent measurements were performed using a closedcycle cryofurnace sample environment in the 15 K ≤ T ≤ 550 K range, with
excellent statistics and a favorable signal to noise ratio at high momentum
transfers. Raw data were normalized, and various experimental corrections
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performed, following standard protocols [32]. High-resolution experimental
PDFs were obtained from the sine Fourier transform of the measured total
scattering structure functions, F(Q), over a broad range of momentum
transfers, Q (Qmax = 28 Å−1). Data reduction to obtain the PDFs, G(r), was
carried out using the program PDFGETN [35]. The average structure was
assessed through Rietveld refinements [36] to the raw diffraction data using
GSAS [37] operated under EXPGUI [38], utilizing I4/mmm (HTT), Bmab
(LTO), P42/ncm (LTT), and Pccn (LTLO) models from the literature [16].
Structural refinement of PDF data was carried out using PDFFIT2 operated
under PDFGUI [39]. The experimental PDFs for IrTe2-based systems,
synthesized using standard solid-state routes, were obtained from the collected
two-dimensional (2D) diffraction data using standard protocols [32] based on
synchrotron x-ray total scattering measurements carried out at 28-ID-2 x-ray
powder diffraction (XPD) beamline of National Synchrotron Light Source II
at Brookhaven National Laboratory. The setup utilized a 67.7 keV x-ray beam
(λ = 0.183 Å) and was equipped with a flat panel image plate detector based
on amorphous silicon technology. This setup is optimized such as to provide
a broad Q-space coverage, and in turn enhanced r-space resolution, at the
expense of Q-space resolution, as is standard in rapid data acquisition xPDF
approaches [40]. The temperature-dependent measurements in the 10–300 K
range (5-K steps) were done on warming using a closed cycle helium cryostat
featuring an evacuated chamber with a holder accommodating simultaneously
three samples, and a set of thin mylar windows. In order to explore the system
behavior on thermal cycling, additional measurements over the 80–300 K
range were performed for all the samples on cooling and successive warming
using a liquid nitrogen based cryostream. The raw 2D diffraction data were
integrated and converted to intensity versus Q using the software FIT2D
[41]. Data reduction to measured total scattering structure functions, F (Q),
and their successive sine Fourier transform up to a momentum transfer of
Qmax = 25 Å−1 to obtain experimental PDFs, G(r), were carried out using the
PDFGETX3 [42] program. PDF structure refinements using models based
on P-3m1 and P-1 crystal symmetries were also carried out using the PDFGUI
program suite [39].
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3. RESULTS AND DISCUSSION
3.1. Observation of nanoscale dynamic broken symmetry fluctuations in
La2-xBaxCuO4
In a recent elaborate study [29], a long-standing puzzle regarding the
disparity of local and long range CuO6 octahedral tilt correlations in the
underdoped regime of La2-xBaxCuO4 (LBCO) has been addressed by utilizing
complementary neutron powder diffraction and inelastic neutron scattering
(INS) approaches. Long-range and static CuO6 tilt order with orthogonally
inequivalent (OI) Cu-O bonds in the CuO2 planes in the low temperature
tetragonal (LTT) phase of x=0.125 samples, Figure 1 (d), is succeeded on
warming through the low-temperature transition by one with orthogonally
equivalent (OE) bonds in the low temperature orthorhombic (LTO) phase,
Figure 1 (c). Classification of other structural variants occurring for other Baconcentrations is also summarized in Figure 1.
In contrast, the signatures of LTT-type tilts in the instantaneous local
atomic structure assessed from PDF analysis, persist on heating throughout
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In contrast, the signatures of LTT-type tilts in the instantaneous local atomic struc
d from PDF analysis, persist on heating throughout the LTO crystallographic phase on

the LTO crystallographic phase on the nanoscale, although becoming weaker
as temperature increases. This is best seen in Figure 2. There, the top row shows
a comparison of PDFs simulated based on structure parameters obtained from
the Rietveld refinements of our neutron powder diffraction data, reflecting
the average behavior seen in these specimens. The comparisons in Figure 2
(b)-(d), particularly the differential curve plotted underneath, reveals the
signatures expected if the local structure also changes from low temperature
orthogonally inequivalent to high temperature orthogonally equivalent tilting
across the low temperature stuructural phase transition occurring at TLT in
the phase diagram. These features are marked by solid red arrows in these top
panels. Simulations for undoped La2CuO4 parent reference for comparable
temperature range are shown in Figure 2 (a) for comparison. In contrast, the
comparison of actual experimental PDF data across the TLT do not show any
such change on the sub-nanometer lengthscale, as shown in Figure 2 (f )-(h)
and implied by hollow dashed red arrows. The experimental PDFs for the
parent compound reveal agreement of the average and structural views in the
case of undoped sample, as expected.
Remarkably, the PDF approach can detect the presence/absence of the local
symmetry breaking with relatively high sensitivity (planar Cu-O bondlength
dirproportionation is only 0.005Å in x=0.125 Ba substituted sample [29]).
However, PDF analysis cannot identify if such local symmetry breaking has
static or dynamic character, as the elastic and inelastic channels are usually not
separated in these experiments. To address this issue, we carried out inelastic
neutron scattering experiment on x=0.125 single crystal counterpart. Analysis
of the INS spectra for the x = 1/8 composition reveals the dynamic nature of
the LTT-like tilt fluctuations within the LTO phase and their 3D character
(Figure 3 (b)). The doping dependence of relevant structural parameters
indicates that the magnitude of the Cu-O bond anisotropy has a maximum at
x = 1/8 doping (Figure 3 (a)), where bulk superconductivity is most strongly
suppressed, suggesting that the structural anisotropy might be influenced by
electron-phonon coupling and the particular stability of the stripe-ordered
phase at this composition. The fluctuations could also be seen as a precursor
state to the long-range charge order observed at low temperature. The bondlength modulation that pins stripe order is found to be remarkably subtle, with
no anomalous bond length disorder at low temperature, placing an upper limit
on any in-plane Cu-O bond-length anisotropy. The results further reveal that
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of actual experimental PDF data across the TLT do not show any such change on the sub-nanometer
lengthscale, as shown in Figure 2 (f)-(h) and implied by hollow dashed red arrows. The experimental
PDFs for the parent compound reveal agreement of the average and structural views in the case of
undoped sample, as expected.

Figure 2. PDF comparison of the average and local structure behavior in La2−xBaxCuO4. Top
row: simulated PDFs calculated using parameters from fully converged models of the average
structure to neutron powder diffraction data below and above respective OI/OE transitions.
The difference curve reflects the level of expected change, should the symmetry change locally
as well across the transition. Bottom row: comparison of the raw experimental PDF data
for the same respective temperatures across the global OI/OE transition for various LBCO
compositions. The local structure remains locally OI. Independent INS measurements (see right
panel in Figure 3) revealed that the local OI symmetry breaking is dynamic above the transition,
with correlation length limited to subnanometer length-scale as suggested by both PDF and
INS based estimates. Figure adopted from reference [29].

although appreciable octahedral tilts persist through the high-temperature
transition and into the high temperature tetragonal (HTT) phase, occurring
at THT temperature, there is no significant preference between different
tilt directions in the HTT regime. These results chart a local structural
phase diagram (Figure 4 (b)) that contrasts the phase diagram derived from
conventional crystallography (Figure 4 (a)) [29]. Notably, our findings
compare favorably to the recent local structure observations at high pressure
and low temperature in La1.875Ba0.125CuO4 based on EXAFS and diffraction
measurements exploring the charge stripe pinning and superconductivity
[44], reflecting consistence of the derived conclusions.
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expected change, should the symmetry change locally as well across the transition. Bottom row: comparison of
the raw experimental PDF data for the same respective temperatures across the global OI/OE transition for
various LBCO compositions. The local structure remains locally OI. Independent INS measurements (see right
panel in Figure 3) revealed that the local OI symmetry breaking is dynamic above the transition, with correlation
length limited to subnanometer length-scale as suggested by both PDF and INS based estimates. Figure adopted
from reference [29].
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compare favorably to the recent local structure observations at high pressure and low temperature in
La1.875Ba0.125CuO4 based on EXAFS and diffraction measurements exploring the charge stripe pinning
and superconductivity
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breaking has static or dynamic character, as the elastic and inelastic channels are usually not separated
in these experiments. To address this issue, we carried out inelastic neutron scattering experiment on
x=0.125 single crystal counterpart. Analysis of the INS spectra for the x = 1/8 composition reveals the
dynamic nature of the LTT-like tilt fluctuations within the LTO phase and their 3D character (Figure
3 (b)). The doping dependence of relevant structural parameters indicates that the magnitude of the
Cu-O bond anisotropy has a maximum at x = 1/8 doping (Figure 3 (a)), where bulk superconductivity
is most strongly suppressed, suggesting that the structural anisotropy might be influenced by electronphonon coupling and the particular stability of the stripe-ordered phase at this composition. The
fluctuations could also be seen as a precursor state to the long-range charge order observed at low
temperature. The bond-length modulation that pins stripe order is found to be remarkably subtle, with
no anomalous bond length disorder at low temperature, placing an upper limit on any in-plane Cu-O
bond-length anisotropy. The results further reveal that although appreciable octahedral tilts persist
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3.2. Absence of local fluctuating dimers in superconducting Ir1−x(Pt,Rh)xTe2
In the second example, the interplay of the long
range– ordered Ir-dimer ground state of IrTe2 parent
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and superconductivity is explored across the phase diagrams of chemically substituted
superconducting variants Ir1-xPtxTe2 and Ir1-xRhxTe2 [30, 31]. Namely, the compound IrTe2 is known
to exhibit a transition to a modulated ground state featuring Ir-Ir dimers (Figure 5), with large

Figure 4. Phase diagrams of the (a) average and (b) local structure of LBCO, drawn in terms of orthogonal
equivalence (OE) and orthogonal inequivalence (OI) of planar Cu-O bonds [29].

3.2. Absence of local fluctuating dimers in superconducting
Ir1−x(Pt,Rh)xTe2

3.2. Absence of local fluctuating dimers in superconducting Ir1−x(Pt,Rh)xTe2

In the second example, the interplay of the long range ordered Ir-dimer
ground state of IrTe2 parent and superconductivity is explored across the phase
In the second
example,
the interplay
of the long
range ordered
Ir-dimer
state
PtxTe2 and
Ir1-of IrTe2 parent
diagrams
of chemically
substituted
superconducting
variants
Ir1-xground
and superconductivity
is Namely,
explored
across theIrTephase
diagrams
of a transition
chemically substituted
RhxTe2 [30, 31].
the compound
is known
to exhibit
x
2
to
a
modulated
ground
state
featuring
Ir-Ir
dimers
(Figure
5),
with
largeIrTe2 is known
superconducting variants Ir1-xPtxTe2 and Ir1-xRhxTe2 [30, 31]. Namely, the compound
displacements.
Partial
of Pt
or Rh(Figure
for Ir5), with large
to exhibit associated
a transitionatomic
to a modulated
ground
statesubstitution
featuring Ir-Ir
dimers
the modulated
akin
to ortheRhAFM
statethe modulated
associated destabilizes
atomic displacements.
Partialstructure,
substitution
of Pt
for Ir ground
destabilizes
destabilization
in
the
cuprates,
and
this
induces
superconductivity.
It
has
been
structure, akin to the AFM ground state destabilization in the cuprates, and this induces
hypothesized
thatbeen
quantum
critical dimer
associated
with
superconductivity.
It has
hypothesized
thatfluctuations
quantum might
criticalbedimer
fluctuations
might be
the
superconductivity.
associated with the superconductivity.

Figure 5. Dimerized low-temperature metallic phase of IrTe2. (a) Ir-Ir dimers (red pairs)
form stripes in Ir sheets, with corresponding modulation being q0=1/5(1,0,1). (b) Iridium is
octahedrally coordinated by tellurium which forms a network of edge shared octahedra. (c) Top
view on one such Ir sheet where Ir forms a network with triangular topology [43].

This example summarizes how we utilized x-ray total scattering approach
and associated xPDF analysis to test for such local dimer correlations and
demonstrated their absence. The robust dimer signature is observable in the
PDF when these are present (Figure 6), as established for the IrTe2 mother
compound.
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This example summarizes how we utilized x-ray total scattering approach and associated xPDF
analysis to test for such local dimer correlations and demonstrated their absence. The robust dimer
signature is observable in the PDF when these are present (Figure 6), as established for the IrTe2
mother compound.

Figure 6. Comparison of simulated (top) and measured (bottom) PDFs. (top) Simulations were done according
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We showed that in this system local dimer fluctuations do not persist in the high temperature phase
We showed that in this system local dimer fluctuations do not persist in
where the average structure is trigonal and non-dimerized, ruling out earlier assertions to the contrary
the high temperature phase where the average structure is trigonal and non– the local and the average structure in the high temperature regime of IrTe2 are in agreement [30].

dimerized, ruling out earlier assertions to the contrary – the local and the
average structure in the high temperature regime of IrTe2 are in agreement [30].
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K, respectively. The model works well for 300 K data of the parent compound,
implicating lack of local dimers at this temperature. The same model fails to
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temperature. Furthermore, similar conclusion can be derived from the analysis of isotropic atomic
ΔG(r), that represents the fingerprint of dimerization. Similar fingerprint is not
displacement parameters (ADPs) of Ir and Te derived from trigonal model fits to the temperature
observed in the 5% Pt and 20% Rh substituted samples, implying absence of
dependent data in 10 K < T < 300 K range, Figure 7 (e)-(g). While there is an observable upturn in
local Ir-Ir dimers in these samples at 10 K temperature. Furthermore, similar
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Figure 7. (a)-(d) Fits of the high-temperature trigonal model to the Ir1−x(Pt,Rh)xTe2 experimental
data
for for
experimental data for for compositions and temperature indicated. (e)-(g) Evolution of the
compositions and temperature indicated. (e)-(g) Evolution of the isotropic atomic displacement parameters
isotropic atomic displacement parameters obtained from fitting trigonal P-3m1 high temperature
obtained from fitting trigonal P-3m1 high temperature non-dimerized model to the data of pure nonnon-dimerized model to the data of pure non-superconducting IrTe2, and superconducting 5%
superconducting IrTe2, and superconducting 5% Pt substituted and 20% Rh substituted specimens. Inset to (f)
Pt substituted and 20% Rh substituted specimens. Inset to (f ) depicts behavior seen in related
depicts behavior seen in related iridium spinel at the onset of local dimerization at 200K in the absence of dimer
iridium spinel at the onset of local dimerization at 200K in the absence of dimer order at any
order at any temperature. Figure adopted from reference [30].

temperature. Figure adopted from reference [30].

Through anomalous upturn in Ir ADP temperature dependence (inset to Figure 7(f)) at ~200 K although the
Through anomalous upturn in Ir ADP temperature dependence (inset to Figure 7(f )) at
dimers never long-range order in that system. This type of behavior is clearly not observed in the 5% Pt and
~200 K although the dimers never long-range order in that system. This type of behavior is
20% Rh substituted IrTe2, ruling out the presence of observable dimer fluctuations in their low temperature
clearly not observed in the 5% Pt and 20% Rh substituted IrTe2, ruling out the presence of
regimes [30].

observable dimer fluctuations in their low temperature regimes [30].

Furthermore, detailed study across the–phase
137 –diagram of Rh-doped variant utilizing the x-ray
PDF approach finds compelling evidence for nanoscale phase separation in a narrow compositional
range close to dimer/superconductor boundary (Figure 8) [31], behavior inconstant with proposition
of there being a quantum critical point proposed in these IrTe2-based superconductors.

there is an observable upturn in ADPs in IrTe2 at around 250 K, temperature of
the structural phase transition marking onset of long-range dimer order in this
system, no observable anomalies can be detected down to the lowest temperature
in the doped variants again implicating that there are no local dimers in these
SC compositions down to the lowest temperature measured. Importantly, in
Taken together, these observations rule out the possibility of there being nanoscale dimer
related dimer system Cu(Ir0.8Cr0.2)2S4 onset of local Ir-Ir dimerization could be
fluctuations in this regime. This is inconsistent
with the proposed quantum-critical-point-like interplay
observed.
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In summary, we have shown through two illustrative examples that x-ray and neutron total scatteringbased methods and associated PDF analysis represent an invaluable tool for studying nanoscale
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broken symmetry states in unconventional superconductors,
capable of detecting such states even
when they have delicate structural responses when present, as well as demonstrating their absence.
Utilization of such tools is expected to decipher at lest part of the complexity present in these

Taken together, these observations rule out the possibility of there
being nanoscale dimer fluctuations in this regime. This is inconsistent with
the proposed quantum-critical-point-like interplay of the dimer state and
superconductivity and precludes scenarios for dimer fluctuations mediated
superconducting pairing. Combined resistivity and hard x-ray diffraction study
of superconductivity and charge ordering in Ir1−xPtxTe2 at elevated pressure
near the critical Pt-composition [45] revealed recently that superconductivity
is suppressed and the dimerization reinstated in 5% Pt doped samples in an
abrupt manner, supporting weak first-order character of the transition between
dimerization and SC in this class of materials.
In summary, we have shown through two illustrative examples that x-ray
and neutron total scattering-based methods and associated PDF analysis
represent an invaluable tool for studying nanoscale broken symmetry states in
unconventional superconductors, capable of detecting such states even when
they have delicate structural responses when present, as well as demonstrating
their absence. Utilization of such tools is expected to decipher at lest part of the
complexity present in these fascinating materials systems.
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Abstract
We will review some of the most recent achievements in the experimental
and theoretical studies of the non-equilibrium properties of quantum materials.
The focus will be on the paradigmatic case of correlated transition-metal oxides
that exhibit unconventional superconductivity at temperatures as high as
100 K. We will address the possibility of using ultrafast experiments to snap
the fundamental electronic interactions on their relevant timescales (10-100
femtoseconds) [1, 2], to clarify the hierarchy of the electronic, magnetic and
lattice degrees of freedom in determining the electronic pairing [3, 4] and,
finally, to control the phase stability of the macroscopic condensate [5].
Furthermore, we will also discuss some intriguing perspectives for inducing
new emerging superconducting properties with light. We will address the
possibility of using resonant infrared excitation to manipulate the orbital
occupation of alkali-doped fullerides. In these materials, the proximity to
the Mott transition enables the photo-generation of local “excitons” with the
simultaneous absorption of magnetic excitations. This process can lead to an
effective transient cooling [6] of the quasiparticles, which can drive the transient
emergence of superconducting-like states [7].
1. INTRODUCTION
In the last two decades, non-equilibrium spectroscopies have evolved from
avant-garde studies to crucial tools for expanding our understanding of the
physics of strongly correlated materials and exotic superconductors [2]. The
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possibility of obtaining simultaneously spectroscopic and temporal information
has led to insights that are complementary to (and in several cases beyond)
those attainable by studying the matter at equilibrium. From this perspective,
multiple phase transitions and new orders arising from competing interactions
are benchmark examples where the interplay among electrons, lattice and spin
dynamics can be disentangled because of the different timescales that characterize
the recovery of the initial ground state. As a paradigmatic example, the nature
of the bosonic excitations that mediate the electronic interactions, eventually
leading to high-temperature superconductivity, can be revealed by observing
the sub-picosecond dynamics of impulsively excited states. Furthermore, recent
experimental and theoretical developments have made possible to monitor
the time-evolution of both the single-particle and collective excitations
under extreme conditions, such as those arising from strong and selective
photo-stimulation. These developments are paving the way towards new nonequilibrium phenomena that eventually can be induced and manipulated by
short laser pulses. The combination of ultrafast excitation protocols and other
external control parameters, such as pressure, electric and magnetic fields, is
expected to open even further possibilities for exploring novel states of matter
with no counterpart at equilibrium [8].
2. EXPERIMENTAL
The recent dramatic advances in ultrafast science have led to the development
of an incredible number of different tools to explore the transformations of
condensed matter on the timescales that are relevant for the most important
interactions in solids [2]. Without pretending to provide a comprehensive
overview of all the ultrafast technique currently available on the market, we
will discuss here the most important families of techniques, which have been
recently employed to investigate the physics of correlated materials and highTc superconductors. The combination of ultrafast sources with ever increasing
power and non-linear devices capable of extending the energy range of the
photons available for spectroscopic purposes, has led to the possibility of
probing many different properties with nearly femtosecond (1 fs=10-15 s) timeresolution. The most common scheme, called pump-probe, is a stroboscopic
technique in which the use of very short pulses of electromagnetic waves (10100 fs) are used to gate the acquisition of specific properties at a fixed delay from
an excitation triggered by a light pulse (pump). The transient dynamics of the
physical properties of materials can thus be snapped by means of many different
probes, among which we cite:
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• X-ray diffraction probe: X-ray radiation can be used not only to probe
transitions involving deep electronic energy levels, but also to perform
scattering experiments, which directly probe the dynamics of the lattice
and other possible super-structures, such as charge density waves. The
intrinsic pulsed structure of the new generation of free-electron lasers
(FELs) is boosting the development of many different pump-probe
configurations exploiting either elastic or inelastic scattering to explore
the lattice transformations on the femtosecond timescale.
On the other hand, also the excitation that triggers the dynamical change of
the physical properties of a material can be tuned to resonantly stimulate specific
degrees of freedom. For instance, THz eradiation can directly excite collective
gap modes in superconductors, mid-infrared pulses can resonantly shake optical
lattice modes and visible light pulses can modify the equilibrium distribution
within the electronic bands hardly enough to modify the ground state of the
system.
3. RESULTS AND DISCUSSION
In this section we will review some recent results, which illustrate how the
use of non-equilibrium time-resolved spectroscopy enable to tackle unsolved
issues in the field of unconventional superconductivity from a perspective that
is completely new.
3.1. Electron-boson coupling in superconductors
In conventional superconductors, the existence of some weak attractive
interaction among electrons close to the Fermi surface constitutes the main
ingredient for the formation of bosonic pairs of electrons (Cooper pairs),
which eventually condense to form the macroscopic condensate at T<Tc, where
Tc is the critical temperature [9]. A natural source of attractive interaction in
metals is the intrinsic polarizability of the atomic lattice throughout which
the electrons can move almost freely. The total strength of this interaction
is usually described by the electron-phonon coupling constant, λe-ph, which
accounts for all the electron-phonon interaction channels weighted on the basis
of the phonon density of states. The larger is λe-ph, the highest is the onset of
superconductivity, provided λe-ph does not exceed the limit necessary to induce
polaronic instabilities and freeze the electrons thus preventing the formation of
any condensate.
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Figure 2. The different relaxation pathways in: high-Tc superconductor, conventional
superconductors, non superconducting metals. Taken from Ref. 4.

Pump-probe optical spectroscopies have been introduced in the field
as an invaluable tool to disentangle in the time domain the electron-boson
interactions, which involve similar energy scales. By extending seminal works
on conventional superconductors [11], time-resolved spectroscopies have
been applied to the relaxation process in unconventional systems, such as
doped copper oxides and iron-based superconductors [3, 4]. The idea behind
these experiments is rather simple: the pump light pulse releases energy to
the electronic subsystem, which eventually relaxes through the coupling with
the bosonic baths available for relaxation. The stronger is the coupling with a
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specific degree of freedom, the faster is the dynamics related to that relaxation
pathways. Generally speaking, the relaxation time τr is related to the electronboson coupling constant, λe-bos, via a complex function F(Teff, λe-bos, Cbos) which
depends also on the effective temperature reached by the electrons and bosons
and on the specific heats of the different boson subsets. The proper combination
of extremely high temporal resolution (<10 fs) and frequency resolution over a
very broad energy range, recently allowed to identify in superconducting copper
oxides (Tc as high as ≈90 K) three different relaxation channels, attributable
to the coupling with antiferromagnetic fluctuations, strongly coupled optical
phonons and the rest of the lattice. In particular, the extremely fast timescale
(≈15 fs) of the coupling with the magnetic degrees of freedom corresponds to a
very large coupling strength, on the order of λe-bos≈1.1, which could account for
the high critical temperature of the material [3, 4].
Although not conclusive, the results of time-resolved spectroscopies are
boosting the development of realistic non-equilibrium models beyond the
“effective-temperature” approximation, with the objective of shedding new light
on the fundamental pairing interactions in unconventional superconductors.
3.2. Phase coherence manipulation
Besides the existence of a pairing interaction, the second ingredient
necessary for the formation of a macroscopic condensate is the onset of longrange phase coherence at the temperature TΘ(nS), which depends on the
superfluid density nS. In conventional superconductors, the large value of nS
makes TΘ significantly larger than the pairing temperature, which is thus the
main mechanism driving the onset of superconductivity. In copper oxides, the
low density of the quasi-two-dimensional condensate within the Cu-O planes
pushes TΘ down to a value that is very close to the actual critical temperature of
the system [9, 12]. Superconducting copper oxides are thus particularly fragile
to weak perturbations of the macroscopic phase coherence. A recent work [5]
has demonstrated that short light pulses can be used to manipulate the density
of phase fluctuations without significantly changing the effective temperature
of the charge excitations. This mechanism can eventually induce the collapse
of the condensate coherence in a way that is genuinely different from what can
be achieved at equilibrium. This concept has been applied in an underdoped
Bi2Sr2CaCu2O8+δ superconductor (Tc ~82 K). Time- and angle-resolved
photoemission spectroscopy has been used to evaluate the electronic spectral
function that encodes information regarding the pair-breaking dynamics. This
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Multiorbital correlated materials are often on the verge of multiple electronic
phases (metallic, insulating, superconducting, charge and orbitally ordered),
which can be explored and controlled by small changes of the external
parameters. This intrinsic fragility is at the base of the recent ascent of techniques
and protocols for achieving the complete optical control of their properties.
Correlated materials constitute a natural playground for this non-equilibrium
physics as a consequence of the intrinsic instability of their bandstructure, which
has roots in the way the electronic bands are built from the atomic orbitals of
the N atoms forming the solid [16]. In conventional band insulators the
formation of the insulating gap is the consequence of the lack of states in a
specific energy range. In the simplest picture, corresponding to the two-band
model, the completely filled valence band originates from the N atomic orbitals
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This process leads to the formation of two characteristic bands separated by U (Lower Hubbard Band,
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This process leads to the formation of two characteristic bands separated
by U (Lower Hubbard Band, filled; Upper Hubbard Band, empty), whose
multiplicity is related to number N of combinations that are available for getting
a double occupancy on one of the sites. It is thus clear that any photo-induced
electron-hole excitation, at the energy cost U, creates additional conductive
states (corresponding to the holes and doublons which can move throughout
the lattice at zero energy cost) and also modifies the multiplicity of the LHB
and UHB. The basic consequence of the injection of N photoexcitations across
the Mott gap is thus the emergence of N low-energy metallic-like states and the
corresponding decrease of the spectral weight of electronic bands at the energy
scale U.
The possibility to set up correlated systems with a non-equilibrium orbital
polarization enables to tackle long-standing questions from a new viewpoint
[17]. As a paradigmatic example, we will shortly discuss the transient effective
quasiparticle cooling in alkali-doped fullerides. In these correlated materials,
the interplay between the on-site Coulomb interactions and the multi-orbital
nature gives rise to s-wave superconductivity [18] at temperatures as high as 20
K for K3C60 and 38 K for Cs3C60 under high pressure [19]. A recent theoretical
work has demonstrated the possibility of photo-generating localized excitons
with the simultaneous absorption of paramagnons. Exploiting the long lifetime
(>1 ps) of these excitons and the abundance of paramagnon excitations in the
vicinity of the Mott insulating state, it is possible to photoexcite a large density
of localized excitons, which act as a sink for the energy provided by mid-infrared
pulses [6]. As a consequence, mid-infrared pumping can be used to transiently
manipulate the population of the conduction band, up to the point of driving
a transient effective electron cooling of the order of several tens of degrees [6].
This mechanism has been proposed as the possible explanation of the recently
claimed transient superconductivity, photoinduced by pulsed mid-infrared
irradiation in K3C60 at temperatures as high as ten times the equilibrium Tc [7].
4. CONCLUSION
In conclusion, we have discussed some of the new possibilities opened by
the recent advances in ultrafast techniques. Ultrashort light pulses can be used
not only to investigate the most fundamental interactions in unconventional
superconductors, but also to manipulate their properties in a way that is not
achievable by thermal means. The field is still at its infancy and much theoretical
and experimental work is needed to assess the full potentialities of this novel field.
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Abstract
In the organic superconductor K3C60, illumination with strong mid-infrared
laser pulses has been shown to induce the optical properties of the material´s
superconducting state at temperatures well above the critical temperature. Here
we study the dependence of this effect on the application of external pressure.
We find that superconductivity is suppressed by compression, just as it is in the
equilibrium low-temperature state, and in contrast to the high-temperature
metal. Indeed, we observe that the light-induced state shows a superconductinglike pressure dependence even at room temperature, up to pressures of about
0.4GPa.
1. INTRODUCTION
Tuning the microscopic properties of a material through external parameters
such as pressure has led to enormous progress in understanding the nature of
their ground states and stabilising those states at higher temperatures. Strongly
correlated materials are particularly interesting in this context, as slight
distortions of their lattice structure can already lead to significant changes in their
macroscopic properties. In addition to pressure, optical resonant stimulation of
specific vibrational modes of the crystal lattice has also been applied to change
the properties of a series of complex materials [1].
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For example, this type of driving enabled controlling their electronic
response [2] and inducing transitions to exotic phases. In high-TC cuprates,
ultrashort pulses at mid-infrared wavelengths were used to resonantly drive
Cu-O stretching modes to large amplitudes. Upon photo-excitation, a transient
optical response compatible with that of a light-induced superconductor has
been measured for temperatures far above the equilibrium critical temperature
(TC) [3, 4].
Furthermore, various mechanisms including an effective cooling [5] or
photo-doping [6] of superconductors have been predicted or observed to
enhance TC upon illumination. Another intriguing prospect for enhancing
superconductivity arises from “Floquet engineering,” that is, the creation of
effective Hamiltonians through periodic driving [7]. In this context, it has
been proposed that an oscillating energy electric field acting on electrons at
a frequency in the vicinity of the interaction energy scale may increase the
exchange energy of a system [8-10]. For off-resonant frequencies, a dynamical
reduction of electron tunnelling [11] has been predicted, effectively acting as
negative pressure.
Although the effects of external pressure on superconductivity are manifold,
the main effect of applying hydrostatic pressure often consists in increasing
electron tunnelling (and hence the band-width), thereby decreasing the density
of states at the Fermi energy. If a superconductor is well-described by BCS
theory, its critical temperature is then expected to decrease as a consequence. By
contrast, a conventional metallic state is expected to increase its conductivity.
Pressure may therefore serve as a useful tuning parameter to distinguish highly
conductive metallic states from superconductivity.
In the following we report on the effects of pressure on the organic molecular
superconductor K3C60, both in its equilibrium metallic state at temperatures
well above its critical temperature (TC = 20K), as well as in a light-induced state
occurring up to ~1ps after illumination with an intense mid-infrared optical
pulse. This state, at ambient pressure, was previously shown to exhibit the optical
properties expected from a superconductor [12]. The laser pulse is centred at a
vacuum wavelength of 7.3mm, corresponding to a photon energy of 170meV.
This energy lies below the interaction energy scale (U ~ 0.8eV) and bandwidth
(W ~ 0.5eV) extracted from ab-initio calculations [15] but coincides with a
broad absorption feature extending from about 40meV to 200 meV, the origin
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of which is still not entirely clear [5,13]. The photon energy is also resonant with
infrared-active modes of the C60 molecules featuring T1u symmetry. As there is
strong evidence that intramolecular Jahn-Teller distortions play a crucial role for
superconductivity in alkali-doped fullerides [14], the optical excitation of local
vibrational modes can be expected to affect its emergence.
2. EXPERIMENTAL METHODS
In order to characterize the equilibrium optical properties of K3C60 inside a
diamond anvil cell (DAC), Fourier-transform infrared spectroscopy over a broad
spectral range (5-500 meV) was used. Measurements for different temperatures
and pressures were carried out at the SISSI beamline (Elettra Synchrotron Facility,
Trieste), using a commercial Bruker Vertex70 interferometer and Hyperion
microscope. The reflectivity at the sample-diamond interface was measured by
referencing against a gold mirror placed into the holder at the sample position.
The experimental curves were then extrapolated to lower frequencies ( 5 meV)
using Drude-Lorentz fits, while for high frequencies ( 500 meV) literature
data on single-crystal K3C60 were used [13]. The complex optical conductivity
was then retrieved using a modified Kramers-Kronig transformation taking into
account the diamond window.
Time-resolved THz spectroscopy was used to determine the transient optical
response of K3C60 after photo-excitation, giving direct access to the change in
the complex optical properties. The probe pulses were generated and detected
in <110> GaP crystals, using 800nm pulses of 35fs duration for generation.
THz radiation in a frequency range from ~1 to ~7 THz (i.e. about 4 - 29 meV)
could be generated and detected, however, a low-frequency cut-off at 1.6THz
was required, as for frequencies below this value, the detected area exceeded the
sample size, owing to diffraction effects.
The K3C60 powder samples (100-400 nm average grain size) were prepared
as described in [16] and loaded into a DAC inside an argon-atmosphere glove
box with < 0.1 ppm O2 and H2O in order to avoid contamination of the highly
reactive sample. Boehler-Almax type IIac diamond anvils with a large culet size
of 2 mm were used, in order to allow for long-wavelength measurements. The
samples were loaded into 100mm thick pre-indented Cu-gaskets with sample
compartments of 1 – 1.2mm diameter. For the non-equilibrium measurements,
a membrane-driven Diacell® Bragg-LT DAC produced by Almax easyLab was
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used and the membrane was actuated using helium gas. Therefore, measurements
as a function of pressure could be performed without changing the optical
alignment of the system. With this set-up pressures up to 2.5GPa could be
reached.
The DAC was mounted on the cold finger of a liquid helium cryostat,
which was used to control the temperature of the sample. The temperature
and pressure of the sample were determined by a combination of temperature
sensors in thermal contact with the sample compartment as well as the detection
of the positions and amplitudes of the R1 and R2 fluorescence lines of rubies
both inside and outside the sample compartment [17]. In order improve the
accuracy of this measurement and decouple the position of the rubies from the
spectrometer alignment, the collected ruby fluorescence was passed through a
single-mode optical fibre. The R1 line was calibrated using several rubies from
the same batch outside the DAC at room temperature, and the statistical and fit
error on this calibration contribute a global uncertainty of 36MPa. In addition,
an uncertainty of 1.5% arises from remaining uncertainties of the precise
relationship of R1 line-shifts and applied pressures [17]. When the sample was
cryogenically cooled, the remaining temperature uncertainty at the position of
the rubies contributes an additional systematic 59MPa (28MPa) uncertainty at
200K (100K). The errors we report below are a combination of these systematic
errors and the statistical and fit error for each pressure setting.
The sample was driven with mid-infrared laser pulses with a duration of
~300fs and a spectrum centred at 7.3 mm. The pulses were generated using
difference frequency mixing of the signal and idler outputs of a three-stage
optical parametric amplifier (OPA) in a 1-mm thick GaSe crystal. The input of
the OPA was given by 100-fs-long pulses originating from a commercial 800nm
Ti:Sapphire regenerative amplifier. The pump pulses were then focused onto
the sample, achieving a maximum fluence of ~3mJ/cm2, which corresponds to
maximum electric fields of ~2.75 MV/cm.
Owing to the finite penetration depth of the mid-infrared pump pulses (150
- 200 nm), the optical response at the surface of the sample as well as the selfconsistently determined penetration depth of the THz probe pulses (700-800
nm) was reconstructed using a multi-layer model which was described in detail
in Ref. [16]. The complex conductivity of the light-induced state could then
be retrieved from the measured changes in the electric field reflected from the
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The sample was driven with mid-infrared laser pulses with a duration of ~300fs and a spectrum
centred at 7.3 µm. The pulses were generated using difference frequency mixing of the signal and
idler outputs of a three-stage optical parametric amplifier (OPA) in a 1-mm thick GaSe crystal. The
input of the OPA was given by 100-fs-long pulses originating from a commercial 800nm Ti:Sapphire
regenerative amplifier. The pump pulses were then focused onto the sample, achieving a maximum
fluence of ~3mJ/cm2, which corresponds to maximum electric fields of ~2.75 MV/cm.
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missing data indicates the absorption window of the diamond. Adapted from [16].

sample in conjunction with the equilibrium optical properties determined as
described above.
3. RESULTS AND DISCUSSION
In equilibrium, applying a hydrostatic pressure of 1.5GPa to K3C60 reduces
its lattice constant by about 1.5% and hence reduces its critical temperature for
superconductivity by a factor of two [18, 19] as shown in Figure 1 (a).
At higher temperatures, we have inferred the DC conductivity s0 of the
sample by measuring the equilibrium optical properties at different pressures
(see Fig.1b-d) and fitting them with a Drude-Lorentz model. We found that s0
increases as a function of pressure (see Figure 4 below).
When K3C60 is illuminated with a mid-infrared laser pulse, its optical
properties change dramatically, as first reported in Ref. [11]. The data shown
in Figure 2 (a), measured at a higher pump fluence and with a probe set-up that
extends to higher frequencies, confirm those observations: Compared to the
initial metallic state (at 100K), the reflectivity increases and reaches values of R
≈ 1 for all probe photon energies below about 12 meV. Furthermore, the real part
of the optical conductivity (s1) shows a gap and the imaginary part (s2) diverges
at low frequencies. These optical properties are expected for a superconducting
state, and indeed closely resemble the equilibrium optical properties of K3C60 at
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as shown in Figure 1 (a).
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In order to quantify the degree to which the optical properties show a gap
in the real part of the optical conductivity, we integrate s1 in the low-frequency
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corresponds to a value of one. The results are displayed in Figure 3. We observe that, whilst the
degree of gapping at ambient pressure does decrease as the temperature increases, for all temperatures
the spectral weight loss shows the same dependence on pressure: a rapid reduction up to about 0.5GPa
followed by a weak dependence on pressure above that value. Note that this negative dependence of
the spectral weight loss on pressure would also be expected in the case of a superconducting transition
where TC is suppressed by compression.
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We fitted the transient optical response of K3C60 with a Drude-Lorentz model in which s0 was
allowed to vary from finite (metal) to infinite values (perfect conductor), and included a single
Lorentzian to capture the absorption feature extending from 40 to 200 meV. The results of these fits

region (up to 12.9meV) and divide the light-induced value by the equilibrium
one. For a fully gapped state, this “spectral weight loss” then corresponds to a
value of one. The results are displayed in Figure 3. We observe that, whilst the
degree of gapping at ambient pressure does decrease as the temperature increases,
for all temperatures the spectral weight loss shows the same dependence on
pressure: a rapid reduction up to about 0.5GPa followed by a weak dependence
on pressure above that value. Note that this negative dependence of the spectral
weight loss on pressure would also be expected in the case of a superconducting
transition where TC is suppressed by compression.

We fitted the transient optical response of K3C60 with a Drude-Lorentz model
in which s0 was allowed to vary from finite (metal) to infinite values (perfect
conductor), and included a single Lorentzian to capture the absorption feature
extending from 40 to 200 meV. The results of these fits are summarised in Figure
4 for three temperatures (100 K, 200 K, and 300 K) and for pressures ranging
from ambient pressure to 2.5GPa. The green squares describe the pressure
dependence for the optical properties of the equilibrium metal, measured as
pointed out above. Here a clear increase in conductivity is observed, as expected.
On the other hand, the extrapolated DC conductivity clearly decreases
for the light-induced states as soon as pressure is applied. For larger pressures
however, the dependence of s0 on pressure becomes much weaker and inverts.
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Abstract
The discovery or development of a high temperature superconductor
has been a driving force in condensed matter physics. Based on theoretical
predictions metallic hydrogen (MH) may achieve the goal of room temperature
superconductivity. MH was predicted to be a high temperature superconductor
in 1968 by Ashcroft, and more recently at room temperature by others. There are
two pressure-temperature (P-T) pathways to making metallic hydrogen: either
very high P and low T to create solid MH or at an intermediate P and high T
to produce liquid atomic hydrogen. We have made MH along both of these
Pathways at static pressures in a diamond anvil cell. In this paper we shall discuss
the procedures and techniques that we have developed for producing MH in
the laboratory. Our next steps are to test for superconductivity, determine its
ground state by x-ray diffraction, and test for metastability. We shall discuss the
ideas and experimental challenges involved in advancing our understanding of
metallic hydrogen.
1. INTRODUCTION
Over 83years ago Wigner and Huntington (WH) [1] predicted that at a
sufficiently high density of solid hydrogen, the molecules would dissociate
to form a metallic atomic solid that we call WHMH. Their prediction of the
metallization pressure (P=25 GPa; 100 GPa=1 megabar) was at a time when
there was little knowledge of the Equation of State (EOS) of hydrogen. They
calculated the transition density required to make metallic hydrogen (MH).
From the density, they estimated the transition pressure based on using the
value of the compressibility of hydrogen at zero-pressure for all pressures. Since
that time, great strides have been made in the understanding of the EOS and the
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phase diagram of hydrogen, both theoretically and experimentally. The current
theoretical transition pressure is estimated to be ~20 times higher (400-500
GPa) than the WH prediction [2-4]; furthermore it was realized that there is
another pathway to metallic hydrogen. At lower pressures of order 100-200
GPa there is a temperature driven transition to atomic liquid metallic hydrogen
(LMH). In this case, if hydrogen is pressurized in the range ~100-200 GPa and
heated to ~1000-2000 K, a first-order phase transition takes place in which the
molecules dissociate to form an atomic liquid. For historical reasons this liquidliquid transition is sometimes referred to as the Plasma Phase Transition (PPT)
[5,6]. These putative transitions are shown in Figure 1.
We have recently observed transitions to MH along both Pathway I [7] and
II [8]. Before discussing these successes, it is useful clarify some of the other
transition lines shown in Fig. 1. The red line is the melting line that has been
studied both theoretically and experimentally. Bonev et al [9] predicted an
unusual maximum in the melting line and this was first observed by Deemyad
and Silvera [10]; the dashed extension of this line represents an extrapolation to
2
higher pressures.

Figure 1. The pressure-temperature phase diagram of para-hydrogen. Along pathway I, at low
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We have recently observed transitions to MH along both Pathway I [7] and II

Hydrogen has two isomers called ortho and para that correspond to
symmetric and antisymmetric nuclear spin states. This has a profound effect on
the molecular distribution. One can prepare almost pure ortho or para hydrogen
or mixtures of the two isomers. At low temperature para hydrogen molecules are
spherically symmetric, while ortho molecules are “dumbbell like” and undergo
a phase transition to orientational order [11]. These species have very different
phase diagrams at low pressure, but become less distinguishable at high pressure,
although they remain distinct due to their nuclear spin states [12]. In this paper
we shall focus on para hydrogen.
Below the melting line, shown in Fig. 1, there are several phase lines that have
been observed. At increased density, para hydrogen molecules are no longer
spherically symmetric and these phase lines represent structural transitions of the
lattice with orientational ordering of the molecules. The phase diagram in Fig.
1 is for pure para hydrogen and the names of the pure phases are in parentheses.
Phases I, I, etc., are the names for ortho-para mixtures and the phase lines shift
with changing concentration (not shown). To be clear, none of these phases are
metallic, while the WHMH is achieved at the highest pressures. Above the melt
line the heavy black line is the PPT or the transition to liquid MH. This line has
a negative slope and a critical point at lower pressure.
2. EXPERIMENTAL
2.1. Diamond Anvil Cells
Hydrogen samples are compressed in a diamond anvil cell (DAC) shown
in Figure 2. At the heart of the DAC (Figure 3) is a metallic gasket made of
rhenium, containing the sample in a hole between the two diamonds. Enormous
pressures, greater than that at the center of the earth (~3.3 megabars) can be
attained by the turn of the lead screw. The diamonds are transparent in the
visible and part of the infrared spectrum, enabling optical studies of the sample.
2.2. Temperature Pathway
We first discuss Pathway I of Figure 1. As can be seen, there are a number
of phases that have been observed, all with the goal of achieving metallic
hydrogen. However, the maximum pressures that had been achieved in the
past few decades were 300-350 GPa. Recent studies revealed phases IV and IV’
that evidently were entropy driven and existed at higher temperatures, but in
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crucial con

the solid state. Essentially, all high-pressure studies in search of MH terminate
when the stressed diamonds fail. Experience in the use of DACs reveals that
many experiments run into failure of diamonds even at lower pressures of order
100-200 GPa. Thus, there are some hidden properties of diamonds that must be
overcome to achieve higher pressures.
At Harvard we had decades of experience and knew some of the crucial
conditions that led to diamond failure. We decided to eliminate these to achieve
the higher pressures. We discuss some of the changes that we enabled:
1. Until recently most diamonds used in DACs were natural diamonds.
These can have flaws such as inclusions, etc., that are invisible to bright
field microscopy and have been studied by x-ray topography [13]. These
flaws can lead to failure at low pressures. Thus, we started to use synthetic
chemical vapor deposition (CVD) grown diamonds, which are much
more homogeneous and do not have inclusions.
2. Rough diamonds are polished against diamond powder on a rotating
iron disc (scaife). Our experience in polishing diamonds showed that the
diamond powder could remove clusters of carbon from the surface of the
culet, leaving flaws that can be observed with atomic force microscopy.
Under high stress these flaws can be the point were a crack in the diamond
originates. We developed a method of etching away several microns of the
surface to remove the flaws, using reactive ion etching (RIE), followed by
vacuum annealing at 1200 K for three days, to remove possible internal
stresses.
3. A third point of failure is hydrogen embrittlement of the diamonds.
Hydrogen can diffuse into diamonds (possibly through culet surface
defects) and lead to embrittlement and failure of the diamonds.
Diffusion is an activated process and the rate increases exponentially with
temperature. We have had the experience of pressurizing a sample to a few
hundred GPa at low temperatures (T~5-80 K) and after warming to room
temperature the diamonds spontaneously failed within hours. Thus, we
coat our diamonds with a thin layer of alumina, known to be a diffusion
barrier for hydrogen, and use cryogenic loading of the hydrogen. Thus,
hydrogen is in contact with the diamonds only for temperatures below
~80 K and diffusion is suppressed.
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4. Alignment of diamonds is critical. Diamond culets must be opposite each
other and parallel, not only at initial alignment of mounted diamonds,
but must remain so aligned to the highest loads. We developed methods
of optically observing the culets under high load.
5. Finally, it is known that highly stressed diamonds can fail when illuminated
by laser light, particularly in the blue and at elevated intensities of light
[14]. Most groups working on hydrogen use laser Raman scattering
for diagnoses of the sample and measuring the pressure. We decided
to eliminate Raman scattering when at very high pressure and use IR
spectroscopy for diagnostics.
6. Pressure measurement: the determination of pressure is important in
any high-pressure study. At pressures to ~200 GPa, one can use the shift
of the ruby fluorescence line. Pressures are calibrated by x-raying metals
(called markers) with known EOSs, along with determination of the shift
of the fluorescence. At higher pressures up to about 350 to 380 GPa we
have used the calibrated shift of an infrared absorption line in hydrogen.
Higher pressures have generally been determined by the shift of a Raman
active phonon in the stressed part of the diamond, calibrated to ~400
GPa against markers. This is currently the highest pressure calibration and
is extrapolated by various curve fittings to higher pressures; furthermore
it can have an uncertainty of order 25 GPa, depending on the diamonds.
In our study of hydrogen we decided to not use the latter method, as it
requires illuminating the diamonds with a laser that can cause diamond
failure (see point 5). Instead we used a method that depended on the
behavior of our DACs. In numerous experimental runs, we have found
that as we turn or rotate the lead screw on the DAC to increase the load
(that we measure with strain gauges), the pressure increases linearly and
finally plateaus (i.e., with increasing load, the pressure increase is sublinear). For the WHMH experiment we measured rotation of the screw
against the calibration of IR absorption lines and found linear behavior
and extrapolated to pressures beyond the region of the IR calibration.
This calibration is shown in Fig. 4. After observing and measuring the
properties of the WHMH, we measured the pressure using the diamond
Raman phonon with 20 mW of laser power in the red, and found that
this supported the linear extrapolation with a pressure of 495 GPa.
Interestingly, after this measurement we maintained the sample at low
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transmitting and reflecting, light at different wavelengths can be shined on the sample (I0 in Fig. 5)
with 50 nm of alumina to inhibit hydrogen diffusion. A thin layer of tungsten
using time resolved spectroscopy, transmittance and reflectance of the sample can be measured.

(7-8 nm thick) was deposited on the bottom diamond in the figure. If the layer
of tungsten (W) is impedance matched to the impedance of free space it will
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3. RESULTS
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new phase was observed that we named H2-PRE (as it preceded the WHMH
transition); the phase line is shown in Figure 6. Accessing a higher pressure
was prevented by a design problem in the assembly of the DAC so that load
on the sample was limited. The next run was aimed at higher pressures to make
the WHMH and succeeded. Figure 7 shows photographs of the sample as the
pressure was increased. The sample transforms from transparent, to black (most
likely semiconducting) to highly reflective metallic hydrogen. To confirm this,
the reflectance was measured at a few wavelengths. The reflectance was measured
at temperatures of 5 K and 83 K, and was the same within experimental
uncertainty. Reflectance was around 0.9. Hydrogen is predicted to be an almost
free-electron metal and we could obtain a good fit with a Drude free-electron
model, confirming that it is a metal. Theoretical calculations of reflectance by
Borinaga et al [15] are in good agreement with experiment.
It is possible that molecular hydrogen became a metal and the sample was
not atomic hydrogen. To check this, we note that the7 fit to the Drude model
determines the plasma frequency, 33.2 ± 3.5eV [16].

Figure 6. The high pressure low temperature phase diagram of hydrogen showing our results
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From the plasma frequency ω2p = 4πn2e /me one can determine the electron
density ne . To within experimental uncertainty, the electron density is equal to
the atomic density, estimated from extrapolation of experiment and theoretical
predictions. Thus, there is one electron/atom or atomic metallic hydrogen. The
phase line is shown in Figure 6.
Creating the Wigner-Huntington metallic hydrogen (WHMH) for the
first time is an important breakthrough for the study of quantum solids, and
hydrogen, as noted by Ginzburg in his Noble Lecture [17]. There have been a
number of experimental research groups focused on this problem and subsequent
to our report of observing WHMH, there have been criticisms, referenced in
our response these critiques [18]. These criticisms are easily answered and focus
on things such as pressure determination, etc., but not on the observation of the
reflecting metallic sample. This is discovery physics and it is not vital that the
first observation have an accurate pressure determination. One has a “catch-22”
situation: use conventional methods and encounter pressure limitations on
the diamonds or use nonconventional methods and achieve the pressure on
hydrogen needed for metallization. We chose the latter.
It is important to reproduce the WHMH in the laboratory. Recently,
Eremets et al [19] achieved a pressure of ~480 GPa on hydrogen and could
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We have had another run in which the sample became reflective at very
high pressure, but we were unable to measure the pressure at this transition
to reflective behavior for technical reasons, and considered this to be an
3.2. Pathway II
unpublishable observation.
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Figure 8. The P-T phase diagram for Pathway II. The data points indicate the onset of
plateaus in the heating curves and determine the phase line to liquid atomic hydrogen.
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sample as a function of the laser power. In these curves the temperature increases
with laser power, and this curve has a plateau at the phase transition interpreted
as arising from latent heat of transition [8, 22]. These points for the onset of the
plateaus are shown in Figure 8.
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that at the plateaus the transmittance decreased and the reflectance increased as
expected for a metal. With increasing laser power the sample thickens and the
temperature rises. One sees that the transmittance decreases to the point of being
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In this paper we have discussed our recent observations of metallic hydrogen.
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Abstract
Conventional superconductors are described well by the Bardeen-CooperSchrieffer (BCS) theory (1957) and its related theories, all of which importantly
put no explicit limit on transition temperature Tc. While this allows, in
principle, room-temperature superconductivity, no such phenomenon has been
observed. Since the discovery of superconductivity in 1911, the measured critical
temperature of BCS superconductors has not until recently exceeded 39 K. In
2014, hydrogen sulfide under high pressure was experimentally found to exhibit
superconductivity at Tc∼200 K, a record high value which greatly exceeds that
of the previous class of high-temperature superconductors, the cuprates. The
paper reviews research on superconductivity in hydrogen sulphide and other
hydrides. Prospects for increasing Tc to room temperature are also discussed.
1. INTRODUCTION
Superconductivity represents a state of metal where its resistance is exactly
zero, so an electric current can flow at temperatures below a certain critical Tc
without losses.
Current applications of superconductors are limited and require coolants. Is
room-temperature superconductivity theoretically possible? As follows from an
understanding of superconductivity phenomenon with the microscopic BCS
theory (1957) [2] room-temperature superconductivity can be realized in a
metal with a favourable combination of parameters. The absence of an upper
bound for transition temperature readily follows, for instance, from the AllenDynes formula [3]: Tc =0.182 ωln √λ, where ωln is an average of the phonon
frequencies weighted by electron-phonon coupling, and λ is the electronProc.Int.Symp “Superconductivity and Pressure
Towards
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– RTSC”. May 21-22, 2018. Madrid. Spain

Superconductivity represents a state of metal where its resistance is exactly zero, so an electric current
can flow at temperatures below a certain critical Tc without losses.
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phonon coupling constant. Tc can be higher than 300K with a reasonably high
Debye frequency and electron-phonon coupling. Previous experiments did not
support this prospect: in spite of an intensive search, Tc was limited to 39 K
(Fig. 1). As a result of the disappointing experimental search, as well as some
misinterpretations of the BCS formulae, a strong belief was widely held that
superconductivity in metals cannot exist at temperatures above 30 K [4]. This
belief was shaken by the revolutionary discovery of superconducting cuprates in
1986 [5], when Tc increased quickly from 30 K to 164 K [6, 7]. But in spite of
a 25-year effort exerted by many scientists who turned their attention to these
`unconventional’ superconductors, no further progress towards a higher Tc was
made. Future prospects are not clear as well, because the mechanism of hightemperature superconductivity in cuprates remains obscure [8].
The recent discovery of superconductivity with Tc =203 K in H3S
compound [9], an apparently `conventional’ superconductor turned attention
back to the predictions of BCS theory concerning the room-temperature
superconductivity. Hydrides are of obvious interest here because hydrogen
atoms are the lightest ones and bring the required high frequencies to the
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phonon spectrum [10]. It is natural to consider first pure hydrogen, as the
discovery of high-Tc superconductivity [9] in sulfur hydride stems from the
search for metallic hydrogen. Metallic hydrogen is a distinct candidate for hightemperature conventional superconductivity: it exhibits extremely high phonon
frequencies (TD ∼2000 K) and a strong electron-phonon coupling (λ∼2), as
was first suggested by Ashcroft [10]. Further numerous calculations confirmed
that a Tc of 200-400K can be expected. However, metallic atomic hydrogen
is still elusive in spite of significant progress in both theoretical computations
and experiments. We note here that in one of the latest experiments a new,
semimetallic, phase of hydrogen was achieved under an enormous pressure of
380 GPa [11].
In view of the apparent difficulties in reaching the metallic hydrogen state,
Ashcroft [10] proposed that hydrogen-dominant materials, such as CH4, SiH4,
GeH4, etc. − covalent hydrides might transform into metals at much lower,
accessible pressures. These substances can be high-temperature superconductors
for reasons similar to those for pure metallic hydrogen: a high Debye temperature
and a strong electron-phonon coupling. Heavier atoms in the lattice might be
beneficial by bringing in low frequencies in the phonon spectrum to enhance
electron-phonon coupling. That was a qualitative consideration, but the idea
was timely, as it could be examined both experimentally and based on calculated
results. The 200 GPa pressure range required for the metallization of many
covalent hydrides became reachable. From the theoretical side, at that time ab
initio predictions of the crystal structures have been developed [12-15]. They
are ideally suited for a search for conventional superconductors: as soon as
the lattice structure is determined, the phonon and electronic spectra can be
calculated, and then Tc can be estimated from the Migdal-Eliashberg theory
[16, 17].
The experimental search at the beginning did not support the expectations
of high-temperature superconductivity in covalent hydrides: it was not found in
AlH3 [18]. On the other hand, the experiment strongly supported the theoretical
predictions for high-pressure lattice structures in AlH3: a new high-pressure
Pm3¯m phase was found in exact agreement with the independent prediction
[19]. This is probably the first example of an amazingly exact prediction of
the structure of a new compound. In spite of the correctly found structure,
the ordinary calculations of the phonon spectra and the estimation of Tc from
the common MacMillan formula [20] were not sufficient. It turned out that
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anharmonic effects must be taken into account, and it is precisely these effects
that are responsible for the suppression of superconductivity in AlH3 [18].
The next experimental study of silane [21] again demonstrated an exact
agreement with the independently predicted I41/a high-pressure phase [22].
However, the computations were not able to see a metallic, superconductive
phase in the 50-100 GPa range. This study demonstrated that transformations
in hydrides can be complex and likely accompanied by amorphization and
disproportionation.
In contrast to a few experimental studies, the theoretical calculations of the
covalent hydrides were prolific, with many compounds being examined [23].
In addition to the known pure hydrides, mixtures with hydrogen were also
considered and compounds of hydrides stable at high pressures were proposed.
They have a very high content of hydrogen and can be considered `dirty’
hydrogen. Very high Tc ∼240 K was predicted for CaH6 [24], Tc ∼264 K in YH6
[25], Tc =102 K in GaH3, and Tc =146 K in AlH3(H2) [26]. These calculations
are very encouraging and motivate further experiments. Unfortunately, most of
the predictions are very difficult to realize experimentally. For instance, CaH6
should be synthesized at megabar pressures from Ca or CaH2 in a hydrogen
atmosphere at high temperatures to provide the solid-state reaction. The
difficulties include the preparation of Ca which oxidizes easily, the fact that hot
hydrogen readily breaks diamond anvils, and the solid-state reaction proceeds
slowly. There are problems with electrical measurements, many materials are
toxic, etc.
The appearance of H2S on the long list of calculated hydrides [27] was not
too promising because of the low hydrogen content and the predicted Tc being
lower than for other hydrides. On the other hand, this compound is available
(while toxic), and the calculations were performed by a group which had already
made successful predictions [28]. Our experimental study [9], which can be
seen below, showed a far more complicated picture than what was predicted by
the theory [27].
2. EXPERIMENTAL, RESULTS
The basic experimental techniques for the study include a method of
low-temperature condensation of the gas and electrical measurements [9].
Gaseous H2S was condensed in a cavity around anvils, and the liquid sample
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was clamped and then pressurized to megabar pressures at low temperatures
to avoid dissociation, which was known to happen at room temperature and
low pressures. The H2S sample transformed into a metal at pressures above
100 GPa and superconductivity appeared, in reasonable agreement with the
calculations [27]: Tc increased gradually with pressure (Figure 2) and reached
60 K at 150 GPa. It is worthwhile to note that this superconducting transition
temperature is likely the first correctly predicted by BCS theory in the
materials structural search. This was already a notable result: the highest Tc in a
conventional superconductor. However, this successful story was `spoiled’ and
hidden by a further increase in pressure; instead of the predicted drop in Tc, it
dramatically increased to a very high value of 150 K (Figure 2). Moreover, Tc
∼203 K was reached with the sample that was annealed at room temperature.
The superconductivity at these temperatures was confirmed: from the observed
steep fall-off of resistance zero; by the shift of the superconductive steps to lower
temperatures with a magnetic field, and detection of diamagnetism (Meissner
effect). The magnetization measurements were performed in a SQUID
magnetometer (in collaboration with Mainz Gutenberg University) with the
aid of the newly designed DAC. Later on, the Meissner effect was observed in
experiments on resonant nuclear scattering [29]. The isotope effect −the shift of
the superconductive transition to lower temperatures upon replacing hydride
sulphide with deuterium sulphide −further supported the superconductivity
and confirmed its formation mechanism as phonon-mediated conventional
superconductivity (Figure 2). Thus, experimentally, superconductivity with Tc
∼203 K was firmly established.
The high value of Tc and its pressure dependence indicated that the
superconductivity of this type related to a phase which had not been considered
theoretically [30]. We suggested in Refs [9, 31] that a higher hydride (H4S or
H6S) can be responsible for the superconductivity with the higher Tc: H2S
might disproportionate and transform into these higher hydrides plus elemental
sulfur [31]. This hypothesis was based on the hypervalency of sulfur: its ability
to create compounds with a valency of more than 2, for instance, a stable SF6
molecule. Disproportionation of H2S was well-known, as elemental sulfur was
evident in the X-ray measurements for P < 50 GPa and T < 300 K, but only the
path of the dissociation to elemental sulfur and hydrogen was considered in all
previous work [27].
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The suggestion that 200 K superconductivity is related to a higher hydride
[31] was supported by theoretical calculations [30] which appeared at the same
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This effect can be very strong for some hydrides and is determined not only
by the lightness of the hydrogen atoms but also by particular structures in the
phonon spectra. In the case of atomic hydrogen, anharmonicity suppresses Tc
by 6% [63].
3. DISCUSSION
To summarize, 200 K superconductivity in sulfur hydrides can be considered
as well established in light of the results of recent experimental and theoretical
studies. The electrical measurements of 200 K superconductivity and the H3S
structure were confirmed and reproduced in other laboratories [37, 64].
It is also important to note that another high-temperature superconductor:
covalent hydride H3P was soon found experimentally with Tc ∼100 K [65]. The
superconducting phase of this material is apparently metastable, as Tc drops
on annealing. This is in amazing agreement with independent calculations
that could not find a stable phase of H3P with a high Tc [66] but revealed a
metastable phase with a Tc that agrees with the experiments [67].
Is it possible to find superconductors with Tc higher than that in H3S or even
room-temperature Tc? There are no reasons to think that H3S is the highest-Tc
material that will be found. Indeed, new record Tc =250 K was found in LaH10
[68, 69] in clathrate-like system. Tc of 260 K at 120 GPa was predicted in a
similar compound YH6 [41] and a Tc ∼280 K at ∼200 GPa for LaH10 [3, 4].
These clathrate-like compounds have interesting lattice structures which differ
from H3S structures: the atoms of Ca or Y have adopted a bcc structure with
an H sodalite-like cage. While hydrogen form a strong covalent bonds with the
sulfur atoms, no bonds were composed between the Ca (or Y) and H atoms.
A weak `pairing’ covalent interaction was revealed between the H atoms that
formed a square `H4’ lattice in CaH6, and `H6’ hexagons in YH6. The electronphonon coupling parameters in both compounds are similar and very high:
λ∼2.69 for CaH6, and for cI14-YH6 λ reaches 2.93. Hydrogen’s contribution to
superconductivity amounts to about 80%.
Another, the well-known strategies to enhance superconductivity comprises
carrier doping. In the case of H3S, the position of the Fermi level can be shifted
and adjusted to a van Hove singularity in the DOS (density of states) [39, 45,
48]. The calculations [70] showed that a partial substitution of sulfur atoms
by phosphorus atoms increases the DOS and the coupling constant, and a Tc
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of 280 K can be reached. Possibly, the silicon or oxygen [48] substitution also
increases Tc to 274 K.
What information can be gathered from the study of H3S? In contrast to the
known high-temperature superconductors with a layered structure, H3S has a
highly symmetric three-dimensional structure with a strong covalent bonding
between sulfur and hydrogen atoms. The superconductivity in H3S is basically
well described by the BCS theory in the Migdal-Eliashberg formulation. The
high-frequency phonons related to hydrogen apparently play a significant
role in the superconductivity. However, the characteristic phonon frequency
ωln ≈1000 cm-1 and electron-phonon coupling constant λ=1.67 [52] are not
particularly high. The case of H3S clearly demonstrates that high-temperature
superconductivity can be realized in materials with a modest content of
hydrogen, and moderate values of the characteristic phonon frequencies and
electron-phonon coupling constant. The high Tc seems to be determined by
delicate details of the phonon and electron spectra.
The vagueness in predicting materials with high Tc from general ideas or
empirical rules (see, for instance, Ref. [71] indicates that the strategy for the
search for new high-temperature superconductors should be changed: the
search should be based on accurate evaluations of Tc.
Fortunately, the critical temperature and other parameters for conventional
superconductors can be calculated and reliably estimated. Thus, the electron
and phonon spectra can be determined from the structure which, in turn, can
be obtained with the aid of available powerful methods for structure search.
The structural search has been dramatically improved within recent years
and appears to become more and more reliable. Calculations of the critical
temperature can be included in the algorithm of the search [72, 73]. This
might tremendously accelerate the discovery of potential superconductors with
successive verification by experiment and its feedback. Moreover, a search for
compounds with the highest Tc can reveal metastable states capable of being
realized in experiments [65, 67]. Until the present time, nearly all binary
compounds have been theoretically studied. Studies of ternary compounds are
starting. The search will include existing materials, while new materials with
high Tc can be designed [74] and then probably synthesized.
So far, we have considered covalent hydrides which are made metallic by
the application of a high pressure. But the most interesting outcome, of course,
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consists in finding high-temperature superconductors at ambient pressure,
which would be suitable for applications. There are many materials with high
characteristic phonon frequencies and electron-phonon coupling strengths [75].
They include not only hydrogen-containing materials but also carbon-based
materials [76]: diamond (Debye frequency ωD =1860 K), graphite, fullerenes,
etc. [75]. They are intrinsically insulators, semiconductors, or semimetals
but can be made metallic and superconducting by doping. A prominent
example is the C60 compound doped with alkali atoms. These compounds are
superconductors with Tc =33 K at ambient pressure, and Tc =38 K is reached at
high pressures for Cs2RbC60 [77]. At present, this is the highest value of Tc for
organic superconductors. Critical temperature up to 18 K has been observed
for K-doped picene [76], and then Tc was increased to >30 K in the C30H18
compound [78].
Another promising material for achieving high-Tc superconductivity is
graphane (hydrogenated graphene) [79]. It is predicted to be a superconductor
with Tc ≈90 K at low accessible doping [80]. In the case of a multilayer system,
Tc could be much higher: up to 160 K [81].
Carbon-based clathrates are another prospective superconductors [82]. The
compound FC34 is predicted to have Tc up to 77 K [83]. The Tc of sodalite-like
NaC6 is predicted to be above 100 K [84] It can also be mentioned the possibility
of high Tc in nanoclusters [85, 86]. We do not discuss here many other ideas on
high-temperature superconductivity based on the BCS approach, for instance,
`gluing’ electron pairs not with phonons but with excitons, etc. [87].
Apparently, the discovery of high Tc in H3S [9] revitalized interest in
conventional superconductors and new materials with room-temperature
superconductivity at high pressure soon be found as well as high-temperature
superconductors at ambient pressure.
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Abstract
The use of high pressure to realize superconductivity in the vicinity of room
temperature has a long history, much of it focused on achieving this in hydrogenrich materials. This paper provides a brief overview of the work presented at this
May 2018 conference, together with background on motivation and techniques,
the theoretical predictions of superconductivity in lanthanum hydride, and the
subsequent experimental confirmation. Theoretical calculations using densityfunctional based structure-search methods combined with BCS-type models
predicted a new class of dense, hydrogen-rich materials – superhydrides (MHx,
with x > 6 and M selected rare earth elements)– with superconducting critical
temperatures (Tc) in the vicinity of room-temperature at and above 200 GPa
pressures.
The existence of a series of these phases in the La-H system was subsequently
confirmed experimentally, and techniques were developed for their syntheses
and characterization, including measurements of structural and transport
properties, at megabar pressures. Four-probe electrical transport measurements
of a cubic phase identified as LaH10 display signatures of superconductivity at
temperatures above 260 K near 200 GPa. The results are supported by pseudofour probe conductivity measurements, critical current determinations, lowtemperature x-ray diffraction, and magnetic susceptibility measurements. The
measured high Tc is in excellent agreement with the original calculations. The
Proc.Int.Symp “Superconductivity and Pressure Towards RTSC”. May 21-22, 2018. Madrid. Spain
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experiments also reveal additional superconducting phases with Tc between 150
K and above 260 K.
This effort highlights the novel physics in hydrogen-rich materials at high
densities, the success of ‘materials by design’ in the discovery and creation of
new materials, and the possibility of new classes of superconductors Tc’s at and
above room temperature.
1. INTRODUCTION
High pressure and superconductivity have a long history – almost as long
as the history of superconductivity itself. Some 14 years after the discovery of
superconductivity, the first measurements were carried out on Sn and Sb. [1]
High pressure studies of superconductors reached the megabar pressure range
in the mid 1990s. These were done with direct measurements of electrical
conductivity as well as, and in combination with, magnetic susceptibility
techniques. [2] These studies have been used to create new superconductors
from the elements, of which some 23 have been converted to date from nonsuperconducting to superconducting states under pressure. [2] The techniques
also have been used to tune Tc, revealing changes in electronic structure from
shifts in Tc in known superconductors. Indeed, the highest Tc for many years
was observed in HgBa2Ca2Cu3O8-d (Tc = 164 K) near 30 GPa. [3, 4]
Some 50 years ago, Ashcroft [5] predicted that the high-pressure atomic
metallic phase calculated by Wigner and Huntington [6] to be stable under
pressure (> 25 GPa) could also be a very high temperature superconductor. This
conjecture was based on Bardeen-Cooper-Schrieffer considerations, given the
high Debye temperature, large electron-phonon coupling, and large density of
states at the Fermi level expected for the atomic alkali-like metal system that
was envisaged. [5] We now know that hydrogen does not transform directly
from a simple insulating molecular phase to an atomic metallic solid, but in fact
passes through a series of transformations to semiconducting and semimetallic
molecular phases with increasing pressure to several hundred gigapascals, [710] with the transition to an atomic metallic phase currently constrained to
be near 500 GPa. [11] Recent calculations predict that this crystalline phase
could be a very high-temperature superconductor, with a Tc above 400 K.
[11] On the other hand, other calculations predict that hydrogen could be a
superconducting superfluid. [12] These fundamental questions cannot yet be
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addressed experimentally as the pressures required and the diagnostics needed
to probe the superconducting state are beyond the range of current techniques.
Alternative approaches have been sought to explore the potentially
interesting physics of dense metallic hydrogen, including its possible very
high Tc superconductivity. In another seminal paper, Carlsson and Ashcroft
[13] suggested different routes to effectively reduce the transition to atomic
metallic hydrogen, including the use of dopants in the structure. This prediction
prompted the search for such compounds and alloys experimentally, including
studies of oxygen-, carbon-, sulfur-, and rare gas-bearing materials mixed with
hydrogen. These considerations, for example, motivated studies of the H2O-H2
[14] and CH4-H2 [15] systems, as well as later work on H2S-H2 [16] and XeH2 [17]. These studies led to the discovery of interesting chemistry, but no
dissociation of the molecular hydrogen was observed in these structures at the
pressures explored in these experiments.
Ashcroft [18] later extended and recast the above considerations in terms
of ‘chemical pre-compression’, a proposal in which H2 molecules in dense
structures might be expected to dissociate at pressures well below those required
for pure hydrogen. Interest in this possibility in producing analogs of atomic
metallic hydrogen was stepped up with the application of new computational
structure-search methods, which began to identify new structures with very
high predicted critical temperatures in the higher hydrides, starting with
the important paper that predicted a Tc of 235 K in CaH6. [19] This work
showed that increasing the atomic hydrogen content in such structures could
provide close models to atomic metallic hydrogen, including the very high Tc
superconductivity predicted for the material.
These considerations led to an explosion of theoretical predictions of potential
hydrogen-rich high Tc superconductors under pressure. Indeed, the important
breakthrough has been the confirmation of very high Tc superconductivity
in the H-S system first predicted at Tc = 80-200 K. [20, 21] The high critical
temperatures were subsequently confirmed with the Tc of 203 K at 155 GPa
reported in the phase now identified as H3S, [22] a result that in turn has led
to numerous subsequent theoretical calculations. Although no confirmation
from an independent experimental group has apparently been reported to date
for this result in the H-S system, high Tc has been documented for in H3Se at
megabar pressures (e.g., Tc = 105 K at 135 GPa). [23]
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atom (compared to the 24-atom cage for CaH6). Each cage is linked by an
intriguing 8-hydrogen cube to form a highly symmetric structure. [26] Notably,
the calculated H-H distances are close3 to those predicted for atomic metallic
hydrogen, specifically in Cs(IV) structure at the similar pressures (1.1-1.2 Å).
[28] The distances are appreciably longer than for molecular H2, both as an
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isolated molecule (0.74 Å) and on compression in its dense molecular phases at
megabar pressures based on spectroscopic constraints. [7] In both cubic LaH10
and Cs(IV)-type hydrogen, the H 1s orbitals contribute much more than the
2p orbitals to the electronic density of states (DOS), and each H has 4 nearest
neighbors in both structures.
The calculations indicated flat bands near the Fermi level giving rise to a
peak in the DOS. Further, Eliashberg spectral function calculations [a2F(w)]
give a very large electron-phonon coupling parameter l and Tc with different
assumptions for a typical m* of 0.1-0.13 as used in previous studies. Notably, the
modes soften at zone edge points and show strong electron-phonon coupling.
The predicted critical temperatures have a negative pressure shift; for LaH10 Tc is
274-286 K and is highest at an instability at 210 GPa, with l = 3.41 at this level
of calculation.
3. SYNTHESIS OF LANTHANUM SUPERHYDRIDES
Experiments proceeded by laser-heating a mixture of La + H2 in a diamond
anvil cell [29] at close to the pressures of the synthesis predicted theoretically
while monitoring the system with in situ x-ray diffraction. Major changes
observed in the diffraction patterns were observed in repeated runs on heating
at 170-180 GPa and 1000-1200 K and indicated a transition to an fcc-based La
structure. The hydrogen stoichiometry was constrained by experimental volume
systematics (i.e., independent of theory). The effective volume per hydrogen
as a function of pressure for different hydrides (i.e., AlH3, IrH3, FeH5, FeH3)
and the atomic volume of pure hydrogen [30] were compared to La-H with
different assumed stoichiometries. LaH10 provided the closest match based on
the experimental equation of state of hydrogen (LaH10±x with x < 1, hereafter
denoted LaH10). The good agreement with the theoretically predicted equation
of state of LaH10 provided additional support to the assigned structure and
stoichiometry (Figure 2). [26]
On decompression, we found multiple phases, including structures and
transitions not originally predicted. [29] This was first evident from a splitting of
the cubic diffraction peaks indicative of a displacive transition to a rhombohedral
structure with respect to the La sublattice. Subsequent calculations performed
to examine this behavior showed this to be a soft-mode driven transition.
[29] Further, optimizing the hydrogen sublattice gives a monoclinic structure
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Having synthesized different phases in the La-H system, including the predicted LaH10 compound, we
proceeded to test the predicted high temperature superconductivity. These challenging experiments
required synthesis of the material at a very high pressure together with measurements of electrical and
magnetic properties of the superconducting state. We chose electrical conductivity to start, using both

to the classical Lindemann criterion for melting. Thus, we have an interesting
situation in which the predicted superconductivity persists into a temperature
regime where the system begins to exhibit classical sublattice melting (Figure 3).
4. OBSERVATIONS OF HIGH TC SUPERCONDUCTIVITY
IN LAH10
Having synthesized different phases in the La-H system, including the
predicted LaH10 compound, we proceeded to test the predicted high temperature
superconductivity. These challenging experiments required synthesis of the
material at a very high pressure together with measurements of electrical and
magnetic properties of the superconducting state. We chose electrical
conductivity to start, using both gaseous hydrogen and NH3BH3 as the hydrogen
source. Following laser heating as in the earlier experiments, [29] we compared
the volumes per La before and after conversion from La to LaH10. From that
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striking drop in resistance beginning around 260 K (Figure 4). The resistance recovers on warming,
though there is a pressure shift (actually due a partial diamond anvil failure on cycling).31
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Figure 4. Normalized resistance of a LaH10 sample characterized by x-ray diffraction and radiography, and
measured with a four-probe technique. The inset shows an optical micrograph of the 35-m m sample and electrodes
after synthesis.31
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showed the conductivity onset varies with synthesis conditions and pressure.31 The experiments revealed

Additional measurements using pseudo-four probe techniques confirmed
these high Tc results and further showed the conductivity onset varies with
synthesis conditions and pressure. [31] The experiments revealed reproducible
Tc onsets above 260 K, in some cases as high as 280 K. Powder x-ray diffraction
of LaH10 as a function of temperature was performed to examine whether the
change is associated with a structural transition. The data indicated no anomalous
volume changes in the sample in this temperature range. Further experiments
were done with the synthesis at higher maximum pressures, which showed that
the conductivity onset occurred at higher Tc with higher synthesis pressure. We
suggest that this higher value is due to higher hydrogen contents resulting from
the higher synthesis pressures. Current-voltage measurements obtained in these
experiments (Figure 5), provide a constraint on the critical current for the
material. [31]
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Because of the smaller anvil type used in these experiments, a larger pressure
gradient existed across the sample, which gives different phases in the sample. As
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Figure 6. Observed Tc over the years since the discovery of superconductivity in 1911.

4.1. Discussion
Figure 6 shows the maximum Tc over the years since the discovery of
superconductivity in 1911. The trend for the conventional superconductors is
shown as well as for the conventional superconductors with the hydrides and
where we are now with the discovery of lanthanum superhydride. As indicated
above, higher transition temperatures have been predicted, e.g., in the Y-H
system, [26, 27] but these are yet to be confirmed. Recently, the Mainz group
has reported related studies of the La-H system at these pressures. The first
report [34] contained electrical conductivity data that indicated a Tc of 215 K
for material synthesized at pressures below those required for cubic LaH10,
consistent with our theoretical and experimental results. A very recent paper
[35] has confirmed the high Tc cubic LaH10 that we reported at this conference,
though their synthesis pressures and maximum Tc were slightly lower. That paper
also reported evidence for a decrease in critical temperature with magnetic field
as well as different synthesis procedures and starting materials, which provide
further evidence that the phases represent the thermodynamic ground state of
the material at these high pressures.
These recent development are leading to a growing number of theoretical
calculations. The results indicate strong electron-phonon coupling of the hydrogen
atoms in the clathrate-like cage structures and hybridization of the La 4f and the
H 1s orbitals. These calculations indicate that this coupling is associated with
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strong charge transfer from the La to the 32-atom hydrogen cage. [26, 27, 36, 37]
An alternative polaron model involving anionic La has also been proposed. [38]
Yet to be explored in detail are nuclear quantum effects on the electron pairing
mechanism in view of the evidence for the highly quantum character of this system
even up to the critical temperature. [28] A related point has been made in the case
of the H3S superconductor, where it has been proposed that the large zero-point
motion of the hydrogen atoms in that system cause a breakdown of the Migdal
approximation. [39] Another question is the extent to which the superhydrides
of La and Y, and perhaps rare earth metals in general, may be unique in giving rise
to the high Tc. Both La and Y are adept at forming these 32 atom or larger cages.
They are both d-elements and tend to form cubic hydrides with a closed shell
of 32 hydrogen atoms, whereas addition of f electrons leads to other structures,
which are predicted to have lower critical temperatures. [27, 37]
The recent discoveries represent an example of the maturity of extreme conditions
science, specifically, with respect to the century-old goal of realizing roomtemperature superconductivity. The work also shows the importance of large-scale
advanced radiation facilities (e.g., synchrotron x-ray sources) combined with highpressure techniques in materials discovery. Hand in hand with advances in these
experimental techniques is the increasing accuracy of theoretical and simulation
methods that can guide experiments. Indeed, systematic prediction, synthesis,
and validation will be important not only in understanding the mechanisms, but
also for recovering materials exhibiting these properties for practical applications.
One route is replacing the hydrogens with carbon to create analogous carbon-type
frameworks, could lead to a new generation of superconductors that could operate at or near ambient
clathrates
pressures. such as NaC6 (Figure 7). [40] Further, we anticipate exploration of a
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pressure. The calculations predict that NaC6 is dynamically stable and therefore a
K.40
potential superconductor at ambient pressure with an estimated Tc of ~110 K. [40]

5. SUMMARY AND PROSPECTS

– 208 –

The discovery of lanthanum superhydrides under pressure represents the newest phase in the road to
room-temperature superconductivity. The phase identified as cubic LaH10 superconducts with a Tc above

much broader range of compositions, especially moving beyond simple binaries
to ternaries and more complex chemical compositions. Judicious tuning of the
structure and composition to optimize the electronic properties for maintaining
very high Tc superconductivity as well as stability (or metastability), for example
within carbon frameworks, could lead to a new generation of superconductors
that could operate at or near ambient pressures.
5. SUMMARY AND PROSPECTS
The discovery of lanthanum superhydrides under pressure represents the newest
phase in the road to room-temperature superconductivity. The phase identified as
cubic LaH10 superconducts with a Tc above 260 K at pressures close to 200 GPa.
Other superconducting phases are also observed, and the maximum Tc depends on
structure and synthesis pressures. The high Tc has been subsequently confirmed in
multiple experiments, including measurements of both electrical and diamagnetic
properties. Available evidence suggests conventional superconductivity but
further work is needed for detailed understanding of underlying mechanism,
including a detailed treatment of the nuclear quantum effects. The creation of
these and analogous very high Tc superconductors that are stable (or metastable)
under ambient conditions remains a grand challenge but may be possible with
continued advances in synthetic methods and understanding of the structural
and compositional control of this very high-temperature superconductivity.
Future prospects include further exploration of the rich physics of hydrogen-rich
systems at extreme conditions, continued development of ‘materials by design’
approaches in high-pressure science, and the potential for a new era of research in
superconductivity opened by these recent developments.
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Abstract
First-principles calculations have been crucial in the discovery of highpressure superconducting hydrides with record critical temperatures above
200 K, closely approaching the dream of room temperature superconductivity.
However, ab initio calculations on these compounds are hindered due to the
large quantum fluctuations of hydrogen atoms, which usually imply a large
anharmonicity. In this manuscript it is shown how these difficulties can be
overcome with the use of variational methods such as the stochastic selfconsistent harmonic approximation. It is also discussed when anharmonicity
is determinant in the physical and chemical properties of these compounds,
arguing that it is not just a pure mass effect.
1. INTRODUCTION
Finding room temperature superconductivity is one of the ultimate goals of
physics and chemistry. The discovery of high-temperature superconductivity
in the cuprates brought new hopes in the 80´s, but the fact that the coupling
mechanism remains still unknown hinders an efficient strategy to soar their critical
temperature Tc, and no significant progress has been made in the last decades.
The strategy is however clear in the conventional electron-phonon
superconductors: increase the electron-phonon coupling constant while keeping
Proc.Int.Symp “Superconductivity and Pressure
Towards
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a large average phonon frequency. Ashcroft realized that metallic hydrogen and
hydrogen-rich compounds met these conditions and, thus, could be high-Tc
superconductors [1, 2]. The main two reasons are that for these compounds i)
the lightness of hydrogen guarantees large vibrational frequencies, and ii) the
large valence electron densities expected for them can potentially imply a large
electron-phonon coupling.
In the last years huge experimental advances have put the hydrogen-based
compounds on the spotlight and have shown unambiguously that hightemperature superconductivity is in fact possible among these materials,
confirming Ashcroft’s predictions. First of all, in 2015 Eremets and coworkers
measured a Tc of 203 K in a compound formed by hydrogen and sulfur at a
pressure of 150 GPa [3], the highest superconducting critical temperature
measured at the moment. This record may have just been beaten by a lanthanum
hydride. Indeed, two different groups have measured a Tc of around 260 K at
similar pressures [4,5]. On the other hand, Dias and Silvera observed early in
2017 a highly reflecting sample of hydrogen at 495 GPa, which was attributed
to atomic metallic hydrogen [6]. At these pressures metallic hydrogen is
estimated to be a room temperature superconductor [7, 8]. After all these recent
discoveries it seems that room temperature superconductivity will be observed
sooner than later at high pressure. Whether it will also be observed at ambient
pressure is a different question, but it definitely raises the hopes for it and clearly
indicates that hydrogen-based compounds are good candidates for it.
The experimental discovery of high-Tc superconducting hydrides has been
boosted by first-principles theoretical calculations. Both sulfur and lanthanum
hydrides had been predicted to be high-Tc superconductors before the
measurements took place [9, 10]. Indeed, the development of ab initio methods
to calculate phonon spectra and the electron-phonon coupling [11] as well as to
predict crystal structures [12] has led to a huge number of predictions of new
high-Tc hydrogen-rich compounds that are thermodynamically stable at high
pressure. Many of these theoretical predictions are summarized in Fig. 1. This
shows the great potential of ab initio calculations to guide experimental work on
the right track and boost new discoveries. Contrary to the cuprates, the combined
theoretical and experimental effort is possible here and is being very fruitful.
Despite these successes, performing ab initio calculations on superconducting
hydrides and hydrogen is very challenging because of the large quantum zero
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point motion of hydrogen atoms, which often implies huge anharmonic effects.
Quantum effects and anharmonicity can have a huge impact on the predicted
critical temperature in the harmonic approximation and strongly alter the
predictions summarized in Figure 1. First principles calculations will therefore
need to carefully include these effects into the calculations in order to be
predictive and lead experimentalists towards the discovery of new high high-Tc
compounds. There are already examples in which experimentally there was no
trace of superconductivity even if ab initio calculations predicted it, such as in
AlH3 [13]. This exemplifies that calculations based on the standard harmonic
approximation, as those summarized in Figure 1, may lead to a frustrated
experimental search unless quantum and anharmonic effects are accurately
taken into account in the calculations.
In this manuscript I will briefly review how ab initio calculations are
performed nowadays as well as how quantum and anharmonic effects can be
effectively included in the calculations through the variational stochastic selfconsistent harmonic approximation (SSCHA) [14]. I will also show some
results obtained in the superconducting PdH, PtH, and H3S hydrides, as well
as in pure hydrogen.
2. METHODS
The goal of ab initio calculations is to solve without any parameterization the
many-body Schrödinger equation for the system formed by electrons and ions
interacting via Coulomb interaction. This is obviously an impossible task and
different approaches are taken to simplify the problem. The first is to split the
electronic and ionic problems by adopting the Born-Oppenheimer
approximation, which solves the problem assuming that the ions have infinite
mass. This is usually a good approximation as the proton is three orders of
magnitude heavier than the electron. The resulting electronic problem is not
trivial because the Coulomb electron-electron interaction makes the
Hamiltonian non-separable. This problem is normally overcome by density
functional theory (DFT), which makes the Hamiltonian separable and thus
solvable. DFT’s drawback is that the exchange-correlation potential in the
separable Hamiltonian is unknown and needs to be approximated. However,
standard approximations of it, such as the local density approximation (LDA)
or the generalized gradient approximation (GGA), have made DFT an extremely
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popular method. As an example, all crystal prediction methods [15] are based
on DFT calculations of the electronic ground state and have yielded, e.g., the
predictions summarized in Figure 1.

Found
Not Found

Figure 1. Ab initio predictions of superconducting critical temperatures under pressure
in hydrogen-rich compounds. Compounds found experimentally to be and not to be
superconducting are depicted. (Adapted from Yanming Ma’s lecture at the Superhydrides
workshop in Rome, Italy, 2016).

Electronic ground-state DFT calculations are obviously not enough for
calculating Tc’s of electron-phonon mediated superconductors. One needs also
to calculate the phonon frequencies as well as the electron-phonon interaction.
In the Born-Oppenheimer calculation, the electronic ground-state energies
calculated for different ionic configurations define the potential that determines
the dynamics of the ions. Considering that usually atomic displacements are
small compared to the atomic equilibrium distances, is expanded up to secondorder on atomic displacements (the harmonic approximation) and the electronphonon matrix elements are derived from the first-order derivative of the
electronic wave-functions with respect to ionic displacements. The harmonic
approximation yields an exactly solvable problem, making the calculation of the
phonon frequencies straightforward. The second-order expansion coefficients
of as well as the electron-phonon matrix elements are routinely calculated ab
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are routinely calculated ab initio using linear response or finite difference methods [1
Once the electron-phonon matrix elements and the phonon spectra are know
initio using linear response or finite difference methods [11, 16]. Once the
superconducting Tc of a given compound can be calculated making use of McM
electron-phonon matrix elements and the phonon spectra are known, the
equation or solving the more precise Eliashberg equations [17].

superconducting Tc of a given compound can be calculated making use of
McMillan’s equation or solving the more precise Eliashberg equations [17].
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The failure of the harmonic approximation in these situations hinders the calc

The failure of the harmonic approximation in these situations hinders
the calculation of the superconducting critical temperature, first, because
the ground-state structure may not be the one predicted by the harmonic
calculation and, second, because there is a huge anharmonic renormalization of
the phonon frequencies. Indeed, where is an average phonon frequency and is
the electron-phonon coupling constant. Thus, a large anharmonic correction on
the phonon frequencies can have an effect of orders of magnitude on Tc due to
its exponential dependence on the electron-phonon coupling constant.
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Figure
3. Harmonic and anharmonic phonon spectra within the SSCHA for PdH at 0 GPa [21], PtH at
100 GPa [14], and H3S at 200 GPa [22]. All calculations are at 0 K. For the PdH case the experimental
data for the Γ point optical mode is marked. This figure is adapted from Ref. [18].
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Fig. 5. Harmonic and anharmonic phonon spectra within the SSCHA for PdH at 0 GPa, PtH at 100 GPa, and H3 S at 200 GPa
as calculated in references [33], [34], and [35], respectively. All calculations are at 0 K. For the PdH case the experimental data
for the Γ point optical mode is marked [109–112]. For each case the crystal structure is shown, where the Pd-H, Pt-H and S-H
bonds
plotted.
3. are
RESULTS
AND DISCUSSION

modes mainly of Pd, Pt, or S character are barely modi-

Table 1. Electron-phonon coupling constant λ and super-

3. RESULTS AND DISCUSSION
The large impact that anharmonicity can have on superconducting hydrides
is illustrated on Fig. 3, where SSCHA calculations for PdH at 0 GPa [21],
PtH at 100 GPa [14], and H3S at 200 GPa [22] are shown. The anharmonic
correction of the phonon frequencies is huge, it can be as large as a factor of 5
(see the case of PdH), and it specially affects hydrogen character phonon modes
as expected a priori. This anharmonic renormalization has a huge impact on
the calculated superconducting critical temperature. If Tc is calculated with the
SSCHA phonon frequencies instead of the harmonic ones, it is suppressed from
47 K to 5 K in PdH [21], close to the experimental value of 8 K; from 15 K to
less than one kelvin for PtH at 100 GPa [14]; and from 250 K to 194 K for
H3S at 200 GPa [22], again close to the experimental value of 194 K [3] at this
pressure.
The result for H3S is particularly interesting at lower pressures. The harmonic
approximation predicts that the Im-3m structure in which the H3S hightemperature superconductor crystallizes [23, 24] becomes unstable below
approximately 180 GPa. However, quantum effects stabilize the structure at
pressures below so that at the pressure where H3S reaches its largest Tc (~150
GPa [3]) it is stabilized by quantum effects [25, 26]. Therefore, the beautiful Im3m phase is symmetrized by the quantum nature of the ions, exemplifying how
quantum effects and anharmonicity can also affect the structural properties of
these superconducting hydrides.
An important question is whether all superconducting hydrides will be
affected in a similar way by quantum effects and anharmonicity. Also whether
the suppression of the harmonic Tc is a general property. In the examples above
the superconducting critical temperature is largely suppressed mainly because the
electron-phonon coupling constant is reduced when the phonons are calculated
including anharmonicity. The reason is that anharmonicity mostly hardens the
phonons, which implies a reduction of the electron-phonon coupling constant
due to its dependence. In these cases one can think that the projection of along
the displacement of one of these hardened modes is similar to the one in Figure
2, where in the range defined by the zero-point fluctuations the full potential is
much larger than its harmonic part.
In principle, due to the lightness of hydrogen, it seems that any system
abundant in hydrogen will suffer from large anharmonic effects. This is in
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principle true: for the same potential the anharmonic correction will be stronger
for the lighter ions. This is indeed the reason why palladium hydrides exhibit an
inverse isotope effect: the deuterium compound has a larger critical temperature
than the hydrogen compound even if this is apparently in contradiction
with BCS theory of superconductivity [14]. Nevertheless, the degree of
anharmonicity ultimately depends on the shape of the potential and not on the
mass of the ions. For instance, there would be no anharmonic correction in a
perfectly harmonic potential regardless the mass of the ion.
To illustrate that one can take pure hydrogen at 500 GPa, the pressure at
which it metallizes according to the optical measurements of Dias and Silvera
[6] that are rather consistent with ab initio calculations of the reflectivity [27].
At these pressure hydrogen is expected to adopt a body-centered tetragonal
I41/amd structure [28]. Contrary to PdH, PtH, and H3S, the anharmonic
phonon correction is not so dramatic and it barely affects the prediction of the
superconducting Tc [8]. Making use of harmonic phonons it is predicted at 318
K and with SSCHA phonons at 300 K. This suggests that the potential felt by
the ions in I41/amd hydrogen is quite harmonic, much more that in the other
superconducting hydrides described in this manuscript.
4. CONCLUSIONS
First-principles methods based on DFT have developed tremendously in the
last decades making it possible the prediction of compounds thermodynamically
stable at high pressures as well as the calculation of their superconducting critical
temperatures. Many compounds have been predicted to be high-temperature
superconductors, guiding the experimental quest. The recent discovery of
Tc values above 200 K in sulfur and lanthanum hydrides [3,4,5] had been in
fact anticipated by ab initio calculations. However, due to the large quantum
fluctuations of hydrogen ions, anharmonic effects can strongly affect the
phonon frequencies and consequently the calculation of Tc. Anharmonic effects
can modify Tc in orders of magnitude and also their structural and chemical
properties.
Even if anharmonicity will be more important for light ions such as hydrogen,
the role and relevance of anharmonicity is ultimately related to the shape of the
Born-Oppenheimer potential. That is the reason why anharmonicity is huge for
PdH, PtH, and H3S, while it is not so relevant for hydrogen in the I41/amd phase.
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This makes difficult to anticipate whether anharmonicity will be determinant in a
given hydride, especially because the potential strongly depends on the chemical
environment of the compound. Therefore, further theoretical work is necessary
to try to understand in simple terms when anharmonicity will determine the
physical and chemical properties of compound, and, thus, benchmark when
simple predictions based on the standard harmonic approximation are reliable.
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A SEARCH FOR CHEMISTRY IN THE ELECTRONPHONON COUPLING THAT MEDIATES
SUPERCONDUCTIVITY; HIGH-PRESSURE
PHOSPHORUS AS AN EXAMPLE

Conventional superconductivity is driven by electron-phonon coupling (EPC) –the electron
response to lattice deformations at the Fermi level. Below the critical temperature Tc, one can look at t
phonons as propelling the electrons through the lattice without friction, and the material is in t
superconducting state. While superconductivity occurs in an astounding variety of chemical manifestation
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bands as computed with a Slater-type orbital basis.
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couple with varying magnitudes to electrons; the two degenerate non-coupling
phonons at X (referred to as A & B) are highlighted, as is the strongly coupling
singly-degenerate phonon at the same special point (C). The respective motions
have been schematically indicated – the upshot is that phonons A & B do not
propagate along P-P bonds, and phonon C does. When taking account of the
phonon-mediated lattice deformation periodically, using (in this case) a 2x1x1
supercell, we see that the strongly coupling phonon C along the P-P bond,
unlike phonons A & B, induces a splitting of states at the Fermi level (Figure 2,
bottom). The time-resolved splitting can be viewed as the hopping of electrons
between different crystal orbitals, driven by P-P bond vibration.
In this talk, we will provide the beginnings of a systematic derivation of the
connection between chemical bonding and EPC.
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Abstract
Since the discovery of high-temperature superconductors (HTS), a huge
effort has been made to develop conductors useful for power applications,
which should accomplish two main goals: to display high superconducting
performance and to reduce manufacturing costs. The discovery of suitable
methods to grow YBa2Cu3O7 (YBCO) HTS materials as epitaxial films on
long length flexible metallic substrates with a multilayered architecture, i.e.
coated conductors (CCs), opened a completely new avenue for fast progress
towards achieving these goals.
CCs are considered a revolution in materials science and engineering.
This scientific success is attributed to two major breakthroughs of the last 20
years. The first one is associated to the development of long length flexible
substrates, identification of proper epitaxial heterostructure growth methods
and management of grain boundaries. The second is the smart conception of
nanocomposites that boosted CC performance to unexpected values (Figure
1). Nowadays, the figure of merit for CC marketability is cost/performance and
CCs are seen as good candidates in energy applications and rotating machines,
but also for magnets, NMR/MRI, accelerators and fusion reactors when
exploiting their performances at ultrahigh fields.
Superconducting Nanocomposites are based on the first principles of
pinning Abrikosov vortices. However, the community needed to address the
high thermal instabilities of High Temperature Superconductors to devise novel
routes to induce homogeneous dispersions of nano-size non-superconducting
particles, homogeneously distributed acting as remarkable pinning centers.
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Superconducting Nanocomposites are based on the first principles of pinning Abrikosov
vortices. However, the community needed to address the high thermal instabilities of High
Several scalable physical [1] and chemical growth methods [2] have victoriously
Temperature Superconductors to devise novel routes to induce homogeneous dispersions of
achieved these goals and are nowadays integrated in fabrication lines in worldnano-size non-superconducting particles, homogeneously distributed acting as remarkable
wide companies.
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andoftemperature
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wide
companies.
Growth
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from diverse.
vapor phases, solid-gas reaction or even
from liquids implies very different strategies and consequently the type of defects and
Chemical solution deposition (CSD) has become one of the most appealing
temperature are very diverse.

alternatives in this race towards the successful development of cost efficient
production of long length HTS nanocomposite tapes. We have particularly been
a leading actor in this effort since the beginning. We demonstrated that CSD
successfully achieves low cost, low anisotropy and high critical current coated
conductors [3]. We have established that it is compatible with Ink jet printing
scalable deposition techniques and we have successfully developed colloidal
solutions where preformed oxide nanoparticles are stabilized in the YBCO
precursor solution to enhance vortex pinning through a controlled pinning
landscape [4]. A thorough investigation correlating the pinning landscape with
the defect microstructure has been pursuit through detailed angular dependent
in-field critical currents and HRTEM/STEM analysis (Figure 2).
Recently, we have started studying a new emerging approach to reach CSD
nanocomposites through a transient-liquid assisted growth process (TLAG),
enabling ultrafast growth rates in the range of 50 nm/s (50 times larger than
standard ones). This novel TLAG process combines the advantages of CSD
with the ultrahigh growth rates of liquid-mediated techniques and therefore
it is foreseen as an outstanding breakthrough for competitive low cost scalable
HTS CC marketability.
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Abstract
Since the discovery of iron superconductors in 2008 [1], a lot of effort
has been devoted to understand the origin of the superconductivity
and the electronic properties of these systems. In iron superconductors
superconductivity emerges when an antiferromagnetic phase is suppressed.
Besides the superconducting and magnetic phases, an anisotropic nematic
phase appears in the phase diagram [2].
It was early understood that superconductivity in iron superconductors is
non- conventional, i.e. it is not mediated by the lattice vibrations [3]. Most
part of the scientific community agrees on the key role played by the magnetic
interactions in the emergence of superconductivity in iron superconductors.
What it is not clear is the nature of these magnetic interactions and how
superconductivity emerges from them [2, 4]. At the heart of this question
it is the strength of the electronic correlations in iron superconductors and
how these correlations determine the electronic properties and emergence of
the magnetic, nematic and superconducting states. To describe these ordered
states it is necessary to know the degree of localization of the electronic charge
and spin.
In single-orbital systems like the cuprate superconductors the charge and
the spin show a similar degree of localization. For small interactions the
electrons are considered to be itinerant and a description in terms of electronic
bands is suitable. For strong interactions the electrons are assumed to be
almost localized and the system is better described in terms of localized spins.
Iron superconductors are multiorbital systems. The electronic correlations are
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determined not only by the intraorbital repulsion U between the electrons,
but also by the Hund’s coupling JH [5]. Extensive research has shown that
for a wide range of interaction parameters there is a correlated state named
Figure1. Correlations phase diagram for iron superconductors. Adapted from [6, 7].
Hund’s metal, for which the spins are localized but the charge is not. If the
orbitals are non-equivalent their degree of correlation will be different in the
Hund metal state.
Different approaches to describe iron superconductors consider these materials
as: (a) weakly correlated systems with itinerant charge and spin (b) very strongly
correlated, close to a Mott insulating state (c) Hund metals in which different orbitals
show different degree of correlations, the atomic spins are well formed but the charge is
not localized. The description of the superconducting and magnetic states and some
predictions differ depending on the starting model selected.

In the talk I will review the status of the electronic correlations in iron superconductors
[7] and discuss some of their consequences in determining the electronic properties in
the ordered states [8, 9]. I will also show that looking at related materials, in particular
to chromium pnictides and chalcogenides, we can learn about the electronic correlations
in iron superconductors and maybe find new superconducting materials [10].
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Different approaches to describe iron superconductors consider these materials
as: (a) weakly correlated systems with itinerant charge and spin (b) very strongly
correlated, close to a Mott insulating state (c) Hund metals in which different orbitals
show different degree of correlations, the atomic spins are well formed but the charge is
not localized. The description of the superconducting and magnetic states and some
predictions differ depending on the starting model selected.

In the talk I will review the status of the electronic correlations in iron superconductors
[7] and discuss some of their consequences in determining the electronic properties in
the ordered states [8, 9]. I will also show that looking at related materials, in particular
to chromium
pnictides and chalcogenides, we can learn about the electronic correlations
Figure 2. Proposed phase diagram for iron pnictides and isostructural compounds. From
in iron superconductors
and maybe find new superconducting materials [10].
[10].
Figure 2. Proposed phase diagram for iron pnictides and isostructural compounds. From [10].
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Different approaches to describe iron superconductors consider these
materials as: (a) weakly correlated systems with itinerant charge and spin
(b) very strongly correlated, close to a Mott insulating state (c) Hund metals
in which different orbitals show different degree of correlations, the atomic
spins are well formed but the charge is not localized. The description of the
superconducting and magnetic states and some predictions differ depending
on the starting model selected.
In the talk I will review the status of the electronic correlations in iron
superconductors [7] and discuss some of their consequences in determining the
electronic properties in the ordered states [8, 9]. I will also show that looking
at related materials, in particular to chromium pnictides and chalcogenides,
we can learn about the electronic correlations in iron superconductors and
maybe find new superconducting materials [10].
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Superconductivity and Pressure are two recurrent themes in
Physics and Chemistry and, in their crossing area, in Materials
Science. Both have also been recurrent research subjects along
the 20th century and, indeed, have seen a burst of activity,
sometimes frenetic, in the last forty years. Even more, the
conjunction between these two subjects has given, in fact, is still
giving, discoveries that put them very often at the forefront of
Condensed Matter Science.
The aim of the Symposium which proceedings are here collected,
was precisely to make a mis au jour of Pressure in its different
variants, in particular synthesis and material properties
measurement and Superconductivity, a property that is attaining
values only dreamed off up to rather recently.
A wide ensemble of distinguished scientists in either or both
elds, of which it can be said like in the celebrated Spanish
saying: “They are not all they are but all they are, are”, produced,
along twenty most interesting lectures, a panorama of the present
reality of both elds, that are presently experiencing a race
towards Room Temperature Superconductivity that is getting close
and close to the nish line and beyond, albeit under pressure.

