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Abstract

A new understanding to the origin of superconductivity in hydrogen-rich materials under high

pressure is presented in this paper. Applying sufficiently high pressure to a material makes its

constituent atoms get close enough so that the “close-shell inversion” effect takes place,

which in turn results in superconducting state in the material. Owing to light mass and single

proton in their nuclei, under high pressure the hydrogen atoms can be relatively easier

squeezed into the neighborhood of heavy ones, facilitating the “close-shell inversion” effect,

and in turn realizing superconductivity in the material.
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I. INTRODUCTION

Recent landmark progress on superconductivity in hydrogen-rich materials under high

pressure [1–4] was so impressive and inspiring that it has motivated intensive research on

hydrides and reinvigorated the field of superconductivity since 1986, igniting the hope for

room-temperature superconductivity with vast applications. Previously metallic hydrogen was

predicted to be superconducting at very high temperature [5], but it was never realized

because the extremely high pressure demanded to make hydrogen metallic was out of

experimental capability. In 2004 Ashcroft suggested that hydrogen-rich compound containing

main group elements could chemically precompress hydrogen, therefore could lower pressure

required to realize superconductivity[6]. Since then hydride superconductors regained its

research interests, and the breakthroughs were achieved in SH3 and LaH10 systems, with

superconducting transition temperature (Tc) of 203 K [1] and 250 K [2, 3], respectively, and

near room temperature in the C-H-S system [4].

So far various hydrogen-rich compounds, such as MgH6 [7], CaH6 [8], YH6 [9], GaH3 [10],

ScH9 [8], including the afore-mentioned SH3, LaH10 and organic C-H-S system as well as

many others, have been studied both theoretically and experimentally. Generally the

superconductivity in these hydride under high pressure is considered to be due to the phonon

mechanism and understood with BCS theory, despite their major di¤erences from the

conventional superconductors. For example, the phonon spectrum in SH3 is both broad and

has a complex structure. On the other hand, though high pressure serves as a precondition or

tool to the high Tc superconductors, which could be unstable or even do not exist under

ambient pressure, its physical impact is largely limited to the understanding of squeezing the

atoms and introducing density inter-crossing, giving rise therefore to some novel structures

and electrical properties. However, to the best of our knowledge, there is no further

understanding or discussion about the effect of high pressure.

Since Bednorz and Müller discovered high-Tc cuprate in 1986 [11], the physics has entered

the era of high-temperature superconductivity, while BCS theory encountered many

challenges [12, 13], including the famous McMillan limit of 39 K, and a variety of high-

temperature superconductivity theories were proposed (see, for example, [14–16]).

Discovered in 1911 by Kamerlingh Onnes [17], superconductivity remains still a puzzle and

its origin is still in debate, especially in the field of so-called high-temperature

superconductivity. In the so-called low-temperature superconductivity, the BCS theory was so
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successful that it has been deeply rooted among the researchers on superconductivity, despite

its challenges in the high-temperature superconductivity. A fundamental and ultimate criterion,

however, is that no matter high-temperature or low-temperature, all superconductors must

share the same mechanism of superconductivity.

In this paper we apply the simple and universal physical model of superconductivity proposed

earlier [18] to the hydrogen-rich materials under high pressure, to present a new

understanding to these high-pressure hydride superconductors, and to get an insight into the

role of H atoms and the effect of high pressure. In the next section, the physical model of

superconductivity is briefly reviewed with some clarifications, and it is applied in Sec. III to

the high-pressure superconductivity in hydrogen-rich materials, including other covalent

systems, to show that it can be well understood within this model from the atomic scale. A

concluding remark is presented in Sec. IV.

II.ORIGIN OF SUPERCONDUCTIVITY

From the electronic transport point of view, the grid network of lattice atoms—more precisely,

the positively charged nuclei in a material—are nothing but carriers to hold the electrons,

including those participating in the electrical conduction. Every individual positively charged

nucleus acts just like a bridge, conveying electrons from one atomic site to another. Unlike in

the normal conductor where the bridge taxes energy from electrons, in a superconductor it is

completely energy-free to electrons passing by. This takes place only when the overall

average inter-nuclei distance is so close that the “close-shell inversion” effect occurs. It has

been shown in Ref. [18] that as long as the atoms are su¢ ciently close to each other, the

“close-shell inversion” effect will always take place, as illustrated in Fig. 1, where the black

dot in atom A represents an electron. Since the instantaneous separation distance between the

lattice atom A and B is so close that this particular electron reaches a delicate equilibrium at

the border of lattice atom A and B, resulting in identical potential energy relative to both

atoms. As a result, this electron may transfer into the orbital of atom B smoothly, moving

clockwise around it (indicated by the short blue curve arrow close to atom B, while the

counterpart red one indicates the possible electron transferring from atom B to atom A).

Certainly this particular electron can still move around atom A anticlockwise.
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A B C D E F

FIG. 1: Illustration of “close-shell inversion” effect. As long as inter-atomic distance is close enough, the

electron either remains its original circulation direction, or transfers to the orbital of the nearest neighboring

atomic site, inverting its circulation direction.

It is interesting to note that these two nearest neighboring atoms A and B, or the two electrons

in atomic site A and B, form virtually a pair of the conduction electron, with the projections of

spin and angular momentum of these two electrons in the two atomic sites opposite to each

other. This somehow mimics the Cooper pair in the BCS theory. However, the core

mechanism of superconductivity in our model is entirely di¤erently from that of BCS theory.

In our model, it is due to the “close-shell inversion” effect, while in the BCS theory, it

attributes to the phonon-mediated attraction between two electrons.

Apparently, applying a high pressure to a material will cause its constituent atoms to get

closer. The emergence of high-pressure hydride superconductors, which otherwise will be

normal conductors, insulators or even unstable without application of su¢ ciently high

pressure, is a perfect supporter to our model of superconductivity. We conclude that a

material is always superconducting as long as microscopically it contains such continuous

close-enough lattice atom chains as shown in Fig. 1, no matter how zigzag they are, or even

exit partially (striped or layered). So far there are two ways to bring the atoms in a material to

get close enough for the “close-shell inversion” effect to take place, one is lowering the

material’s temperature, another is the application of a extreme high pressure. With more

understanding on how atomically a large group of various atoms get relaxed under a given

ambient conditions, we believe that there could possibly be alternative ways to bring the

constituent atoms closer in a material.
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Physically, apart from zero resistance, another important indicator of superconductivity is

Meissner effect, which means that whenever a superconductor is subject to any externally

applied magnetic field (with intensity no larger than that of the critical magnetic field Hc of

the superconductor), its interior always remains zero magnetic field. This is self-evident for

the case without any external applied magnetic field, because these 4 atomic magnetic

moments, which are indicated by the central dot/cross of respective lattice atomic sites as

shown in Fig. 1, are equal in magnitude with opposite directions, they cancel each other,

leaving vanished magnetic field intensity macroscopically in the superconductor.

A B C D E F

FIG. 2: Illustration of field screening mechanism. As long as a non-vanishing net magnetic field B presents,

it will always induce a di¤erence in the magnetic moments of any two nearest neighboring atomic site,

which repels the field B.

For the case of an external magnetic field applied, these 4 magnetic moments will change

accordingly, as illustrated in Fig. 2. As a result, a net repelling magnetic moment will be

induced to neutralize the external field, which has been elaborated in Ref. [18]. However, here

we would like to make some important clarifications. First of all the magnetic field associated

with the conduction electrons around every nuclei is treated as individual magnetic moments

and are denoted in the center of respective atomic site, regardless of that microscopically there

might be some fluctuations spatially. Therefore, in the equilibrium case, i.e., no external

applied field, it is no doubt that macroscopically the interior field vanishes. As in the case of

external field applied which is shown in Fig. 2, although the magnetic moments of, for

example, A and B are located at di¤erent positions microscopically, taking into account that
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the dimensions of atom A or B is very small, the induced net repelling magnetic field may be

approximated

with effective electron circulation radius RA and RB for atom A and B, respectively. As long

as the net magnetic field is non-zero, it will always give rise to a di¤erence in RA and RB,

which according to Eq. (1) will always result in a repelling magnetic field ∆B. In this way, the

externally applied magnetic is gradually neutralized from the surface of the superconductor to

its interior, where the external field is fully screened.

III. EFFECT OF PRESSURE AND ROLE OF HYDROGEN

It is interesting to note that so far all systems with Tc > 200 K under pressure are hydrogen-

rich compounds, typically the covalent H3S and ionic clathrate LaH10. Some other classes of

material can also give high Tc, one is the covalent metals, such as MgB2, which is driven by

strongly covalent-bonding/antibonding states crossing the Fermi energy [19]. Besides,

covalent hydrogen-rich organic-derived materials are another class of high-Tc materials that

combine the advantages of covalent metals and metal superhydrides [20, 21]. For example,

the photochemically synthesized C–S–H system becomes superconducting with its highest

critical temperature around 290 K at about 270 GPa [4]. A common feature of all these classes

of materials is the existence of covalent bonds.

On the other hand, from the physical model of superconductivity presented in Sec. II, one can

find that it involves readily the features of covalent bond, because the conduction electron is

shared by the two nearest-neighboring lattice atoms, i.e., the electron either continues to move

around atom A in the original circulation direction, or transfers to its nearest-neighboring

atom B and moves around it in the opposite circulation direction, in a way what we call

“close-shell inversion”.

Ashcroft’ suggestion of using metallic hydrogen was based on the isotope effect with high

phonon frequency, which was derived from the BCS theory, where electron-electron paring

via electron-phonon coupling is responsible for the origin of superconductivity. However, we

argue here that, owing to light mass and single proton in their nuclei, the hydrogen atoms can

be relatively easily squeezed into the neighborhood of heavy ones such as sulfur or lanthanum

atoms, forming a so-called cage of hydrogen atoms around them, and in turn passages for the
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conduction electrons to take the “close-shell inversion” effect, realizing thereafter

superconductivity in the material. Being the lightest one among all elements, the hydrogen

nucleus possesses the least attraction to other electrons except for its own single one.

Therefore, hydrogen is the easiest candidate among all elements.

Study shows that the H atoms form sodalitelike clathrate cages consisting of weakly covalent

H-H bonds with a H-H distance about 1.2 Å [8], while some other calculations indicate that

the bond length between H-H is about 0.78 to 1.27 Å under 300 GPa [22– 24]. These results

suggest that the H atoms are very close to each other relative to their own dimensions. As a

result, these H atoms, which combine the heavy ones such as sulfur or lanthanum atoms, are

actually sufficiently close to each other so that the “close-shell inversion” effect occurs easily

for the conduction electrons. The reason why hydrogen-rich materials stood out recently to

yield high Tc superconductors under high pressure hence becomes manifesting.

The variation of microscopic distances among various kinds of atoms in a material by

imposing an extreme high pressure comparable to that in the earth core, as has been simu-

lated theoretically [22–24] and demonstrated experimentally [1–4], will undoubtedly change

the constituent inter-atomic distances, and in turn the stoichiometry of the material being

studied, and thus alter its chemical and physical properties. On the other hand, as has been

mentioned in Sec. II, as long as it contains microscopically continuous close-enough lattice

atomic chains in a material as shown in Fig. 1, no matter how zigzag they are, or even exist

partially (striped or layered), the conduction electrons will take naturally the “close-shell

inversion” effect, and this material will be superconducting. The application of an extremely

high pressure over the material is just to manage to make the atoms in the material getting su¢

ciently close to each other, forming a path for the conduction electrons to take naturally the

“close-shell inversion” effect. From this point of view, it is quite straightforward to anticipate

that in principle most material, such as some “exotic” ones like plastic, rubber, stone or

ceramic, will become superconducting under su¢ ciently high pressure even at room

temperature. We also expect that in the near future many additional binary materials will be

synthesized by sandwiching light nuclei other than hydrogen into heavy ones, but it may

demand even higher pressure.

Since microscopically all materials are consisted of one kind or various kinds of atoms, some

interesting questions may raise reasonably: under a given ambient conditions, say, a particular

temperature and pressure, what determines the typical distances between these various kinds

of atoms? For example, at the room temperature ambient conditions why hydrogen atoms
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gather in gaseous state macroscopically and the distance between these atoms is relatively so

big, while copper atoms in solid state and the distance between them is comparably much

smaller. This is not a trivial question which seems to have been solved by the Schrodinger

equation, or by many-body quantum theory. Put alternatively, if a group of various kinds of

atoms are put together and a macroscopic stable state is reached, what microscopically

determines the distances of these atoms and hence macroscopically the physical and chemical

properties of the material composed of this group of atoms? And what happens to the

electrons in these atoms? These questions might be too complicated for us to answer at the

moment, but hopefully will become more reachable in the future.

We believe that the nature has simple rules for the system containing huge number of various

kinds of atoms to settle down. The present computational methods to these systems by the

many-body theory is undoubtedly so complex and impracticable that entails much

simplification and approximation, such as density functional theory method and many other

quantum chemistry calculation approaches. A new framework of theory is expected to tackle

the many particle systems.

IV.CONCLUSIONS

To summarize, we have presented a new understanding to the origin of superconductivity in

hydrogen-rich materials under high pressure. We argue that applying a sufficiently high

pressure to a hydride material will bring the constituent atoms close enough, though may

result in chemically stoichiometry change, so that the “close-shell inversion” effect will take

place, which in turn results in superconducting state in the material. Due to light mass and

single proton in their nuclei, under high pressure the hydrogen atoms can be relatively easily

squeezed into the neighborhood of heavy ones such as sulfur or lanthanum atoms, forming a

so-called cage of hydrogen atoms around them, and in turn passages for the conduction

electrons to take the “close-shell inversion” effect, realizing thereafter superconductivity in

the material. Hydrogen is thus the perfect candidate among all elements.

We conclude that the origin responsible for superconductivity in a material is not due to the

electron-paring mechanism via electron-phonon coupling. Instead, it attributes to what we call

“close-shell inversion”. Superconductivity requires no electron pairs, but does the inversion of

conduction electrons between two nearest-neighboring atomic sites. However, to realize a

higher, or even the long-sought room-temperature superconductivity at ambient pressure
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conditions, more understanding is needed on what determine the inter-lattice atomic distance

in a material.
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