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Abstract

Designing materials with advanced functionalities is the main focus of contemporary solid-state physics and
chemistry. Research efforts worldwide are funneled into a few high-end goals, one of the oldest, and most
fascinating of which is the search for an ambient temperature superconductor (A-SC). The reason is clear:
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superconductivity at ambient conditions implies being able to handle, measure and access a single, coherent,
macroscopic quantum mechanical state without the limitations associated with cryogenics and pressurization. This
would not only open exciting avenues for fundamental research, but also pave the road for a wide range of
technological applications, affecting strategic areas such as energy conservation and climate change. In this
Roadmap we have collected contributions from many of the main actors working on superconductivity at:high
pressures, and asked them to share their personal viewpoint on the field. The hope is that this article willserve not
only as an instantaneous picture of the status of research, but also as a true Roadmap defining the main long-term
theoretical and experimental challenges that lie ahead. Interestingly, although the current, research ‘in
superconductor design is dominated by conventional (phonon-mediated) superconductorsj there seems to be a
widespread consensus that achieving A-SC may require different pairing mechanisms.
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1. Preface to The 2021 Room-Temperature Superconductivity
Roadmap

In memoriam, to Neil Ashcroft, who inspired.us all.

Designing materials with advanced functionalities is the main focus of contemporary solid-state
physics and chemistry. Research efforts worldwide are funneled into afew high=end goals, one
of the oldest, and most fascinating of which is the search for [an ambient temperature
superconductor (A-SC).

The reason is clear: superconductivity at ambient conditions implies Feing able to handle,
measure and access a single, coherent, macroscopic quantum mechanical state without the
limitations associated with cryogenics and pressurization. This ‘would not only open exciting
avenues for fundamental research, but also pave the road:for a wide range of technological
applications, affecting strategic areas such as energy conservation.and climate change.

Recently, the dream of A-SC has been revived by the discovery of superconductivity at 203K in
the high-pressure superhydride SH3, followed quickly by LaHlO with critical temperature of 260K,
and five years later by the report of room-temperature superconductivity in its carbon-doped
counterpart. These discoveries marked a milestone .in_superconductivity history not only for
achieving the record critical temperatures, but also for an unprecedented synergy between theory
and experiment in the discovery of superconductors. The momentum derived by the superhydride
breakthroughs is now driving an intense;debate among different fields to define new search
strategies and methodological improvements to overcome the remaining obstacle to A-SC, i.e.
the reduction of operation pressure. In this Roadmap we have collected contributions from many
of the main actors working on superconductivity at high pressures, and asked them to share their
personal viewpoint on the field. The hope.is that this article will serve not only as an instantaneous
picture of the status of research, but also as a true Roadmap defining the main long-term
theoretical and experimental cr?allenges that lie ahead. Interestingly, although the current
research in superconductor/ design is dominated by conventional (phonon-mediated)
superconductors, there/seems.to be a widespread consensus that achieving A-SC may require
different pairing mechanisms.

All'in all, it emerges from our collection that the main future challenges for the field fall into three
broad categoriesi (i) improving the current theoretical description of solids and superconductivity,
(ii) extending'the domain of methods for computational material design beyond the current limits
dictated by computational efficiency and (iii) developing new experimental methodologies for
controlled synthesis'and characterization.

(i) Improving the current theoretical description of solids and superconductivity: Inherent
limits connected to widely used approximations in solid state theory prevent an accurate
description/of many of the most promising classes of high-Tc superconductors. Electronic and
nuclear-excitations in hydrogen-rich solids may only be described including non-adiabatic and
anharmonic effects beyond the standard Born-Oppenheimer approximation. Most unconventional

Page 4 of 105
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superconductors exhibit strong correlation effects (Mott transitions, localized magnetism, etc)
beyond the reach of standard mean-field density functional theory. Moreover, exploringpairing
mechanisms other than that based on the electron-phonon interaction, such.as plasmons,
excitons, paramagnons, requires extending current first-principles theory of the superconducting
phase. (ii) Extending the domain of methods for computational material design: Ab-initio
crystal structure prediction methods have been the major driving force behind the hydride rush
that led to the discovery of room temperature superconductivity, and it is thus natural to consider
them the most promising tool to discover new high-temperature superconductors.

However, many of the scientists contributing to this Roadmap point out that a paradigm shift will
be needed to explore the phase diagrams of more complex materials than gmple binary hydrides,
such as SH3 and LaH10. A major role will be played by artificial intelligence and machine learning
methods, applied to different aspects of superconductor design. For example, new machine-
learning force fields, delivering accurate total energy and forces at reduced computational cost,
can be employed to explore the potential energy landscapes of more complex materials, and give
access to processes involving much larger time and length'scales, such as pressure-temperature
phase diagrams, defect structures, non-equilibrium phases, grain-boundaries, and alloys.
Machine learning also represents a formidable tool to identify a priori promising regions of the
chemical space through high-throughput screening. This, will require identifying efficient
superconductivity descriptors to replace the empirical principles used in the past. The high-
throughput approach is completely independent 'of. the specific chemical composition or
superconducting mechanism.

(iii) Developing new experimental "methodologies for controlled synthesis and
characterization: The main scientific objective of future superconductor research, as clearly
stated by all contributors to the collection, is to reduce the pressure range in which room-
temperature superconductivity is found. Different experimental strategies are proposed, ranging
from the increase of energy barriers between metastable and stable phases, to the exploration of
the P-T phase diagrams, to the use of appropriate substrates and synthesis techniques, and even
artificial intelligence to guide the&periments and the synthesis.

The contributions to‘the Roadmap have been divided into six sections, which cover different
aspects of the prediction.of A-SC. In the Introduction, Warren Pickett provides a historical
overview on theoretical predictions of superconductivity, and offers a critical discussion of the key
quantities that need to be optimized to achieve room critical temperatures in conventional
superconductorsiin section |l (hydrogen-rich solids) and Il (crystal structure prediction methods)
we have collectedicontributions from several groups who have played a major role in the synthesis
and prediction of superhydrides.

The first'part features contributions from the authors of the three main experimental discoveries
in the field: Mikhail Eremets, who was the first to observe high Tc superconductivity in SH3,
Russell Hemley, who measured superconductivity at 260 K in Lanthanum hydride (LaH10), and
Ranga Dias, who has recently reported room temperature superconductivity in a carbon sulphur
hydrogen compound. Christoph Heil reviews the peculiar bonding properties and pairing of
several hydrides.
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Neil Ashcroft's 1968 prediction that atomic hydrogen would be the ultimate conventional
superconductor has been one of the main driving forces of high pressure research leadingto
superhydride discovery. Carlo Pierleoni reviews the current understanding of this exciting field,
which has seen many developments in the last five years.

Maximilian Amsler, Nikita Rybin and Collaborators, Hanyu Liu and Yanming Ma and Chris
Pickard review and discuss future challenges of material design methods; and strategies to
overcome the obstacle represented by the growing complexity of the search spaceuln this respect
Eva Zurek and Tiange Bi discuss the role of chemical experience in automated structural search,
while Alexey Kolmogorov presents an interesting combination of materia\l design and machine
learning.

Sec. IV provides a critical analysis of the most recent developments, limitations and perspectives
in the field of ab-initio superconductivity. Besides the excitement caused by their discovery, high-
Tc superconducting hydrides have proven a marvelous test-bed for our current theories of
conventional superconductivity. These materials combine large critical temperatures and complex
lattice dynamics, challenging the capabilities of /cutting-edge methods in electronic structure
theory and ab-initio superconductivity.

lon Errea discusses the complexity of the quantum nature of the energy landscape of these
strongly anharmonic systems, which goes wellhbeyond the limits of the conventional Born-
Oppenheimer adiabatic picture. Ryotaro Arita presents a completely parameter-free formulation
of Eliashberg theory and demonstrates its'exceptional precision in capturing the superconducting
properties of Lanthanum hydrides, tracing a path of future developments to address room
temperature superconductivitysand non-phononic mediators. Roxana Margine also shares her
view on the future of the ab-initio Eliashberg approach, addressing important points such as the
use of Wannier functions to accurately. describe momentum anisotropy, the role of vertex
corrections, and recent results on.a perturbation theory approach based on GW rather than DFT.
Camilla Pellegrini and collabora?brs review recent developments in density functional theory for
superconductors, and discusses the possibility of combining this theory with the exact-
factorization framewaork for the efficient treatment of non-adiabatic effects.

The importance of artificial. intelligence methods for material discovery is bound to increase in the
coming decadesi The potential of artificial intelligence, and in particular of machine learning,
applied to superconductivity is reviewed and discussed in Sec. V in two contributions by Valentin
Stanev and Stephen Xie and collaborators as coauthors.

This collection "is concluded by section VI (other superconductors), which includes two
contributions that directly address the zero-pressure limit. Renato Gonnelli and collaborators
discuss’ therapplication of protonization to hydrogenate conventional materials and mimic, at
normal conditions, the physical properties of high-pressure hydrides. Roser Valenti provides a
concise but complete review of the problem of predicting unconventional superconductors,
focusing on the specific limitations of current computational methods.
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Finally, in the Appendix, we have collected the answers of the authors to several questions that
provide a more informal view on the present and future of the field.

We wish to thank all authors for their inspiring contributions and their willingness to share personal
views and indications to promising research directions.
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12 The Editors:
13 Lilia Boeri, Richard Hennig, Peter Hirschfeld, Gianni Profeta, Antonio Sanna, Eva Zurek
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2. Historical Perspectives on the RTS Roadmap
Warren E. Pickett, University of California Davis

Status: decades of chagrin; recent elation. The paradigm-resetting breakthrough (2014-2019) to
RTS in metal hydrides at very high pressure will be covered elsewhere in this Roadmap, and
mentioned below. The studied pressures of 100-500 GPa are comparable to those in the earth’s
mantle, up to 140 GPa, and the earth’s center (360-400 GPa). Jupiter, comprised of H and He and
sometimes speculated to be superconducting, has an unclear pressure profile but témperatures up

to 10* K. Such geologically high pressures and the tiny samples needed to study themin. the lab

unfortunately rule out applications of their fascinating superconducting properties. Nevertheless the
progress has been stunning.

The formal theoretical attack on prospects for higher electron-phonon T, was initiated in 1973 by

Bergman and Rainer[1] building on the pioneering work of McMillan, when they calculated the

change in T, due to a positive incremental change in the Eliashberg spectral function OLZF((D), i.e.

8Tc/8a2F(co). A broad maximum around ogax~2nkT¢, (hbar=1_units) provided a preferred frequency

range for adding coupling. Within rigorous Eliashberg theory, Allen.and Dynes (1975) [2] established

that in the large A regime (A>10, say), T¢>0.15 le/z

. Specifically: T¢ is unbounded within
Eliashberg theory. Here Q) is a well-defined characteristic phononfrequency, viz. the 2" moment of
azF(m)/m. Unfortunately, for five decades “large. \” in actual superconductors has hovered near A~2

— typically referred to as strong coupling but not close.to the large A regime as mentioned above.

The interpretation of the Tc-A-Q2 interconnectionthas long been considered within (1) the elemental
coupling strength expression of McMillan, that 7\/=N(0)I2/MQ2 together with (2) the Allen-Dynes
expression TAP(A,Q) fit to much data,and many models of O.ZF((D). N(0) reflects the number of
electrons involved in pairing, M is the nuclear,mass, and the squared matrix element 02 is discussed
below. Unfortunately, nature_rarely provides an opportunity for a simple, safe, incremental, and
optimal increase in oczF(oo) a laBergmann-Rainer. Most often, attempts by analogy followed by
design have resulted in dinstable materials, viz. the predictions: rocksalt NbN (16K)=>MoN (30K)
[Nature 1982]; MgB2(39K)=>LixBC (70K) [PRL 2002]. Neither predicted compound, MoN nor LixBC,
could be stabilized/in the desired structure. Almost without fail, trying to increase A of a good

superconductor has resulted/in adding coupling at, or driven to, low frequency m<<mmax and modest

increase of T¢/but more prominently approach to lattice instability.

Some analysis has encouraged the design of RTS. In quasi-two dimensions (2D) the contribution to
coupling from each cylindrical Fermi surface provides additional coupling independent of Fermi
surface volume, due to phase space considerations (think of MgB), Tc=40K with the right B isotope).
Adding more Fermi surfaces will lead to ever increasing coupling strength A, [3,4] which may
enhance coupling to difference branches and wavevectors of phonons, thereby avoiding unstable
modes. A cursory survey (by the current author) indicated that it is not easy to find band structures

Page 8 of 105
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that lead to additional bands crossing the Fermi level, while keeping strong coupling. This approach
does however contribute to the roadmap to stronger coupling in 2D materials.

Jumping ahead to the current decade, design [5] and discovery [6] in 2014-2015 of hydrides that
superconduct at 200-260K at megabar pressures have begun to provide insight. The vast difference
in mass of the metal atom and hydrogen allow their contributions to T¢ (through oczF) to be
separated, enabling designers to ‘turn off’ computationally the metal atom contribution. The result

was that the low frequency metal atom contribution to coupling should be neglected to obtain an

understanding of T¢. [7] The metal atom’s coupling increases A but, lying at low frequency it

decreases the phonon moment Q. The net effect on T is very minor; it can even beinegative, even
though ‘coupling strength’ A is increased by ~10%. The contribution from H atoms alone should be
considered to understand T¢, and thereby how to design higher T¢. Already in. 1974, Leavens and
Carbotte [8] had shown that for the known superconductors of the time, a very\good relationship is

Te=0.15AQ) ; the right hand side is proportional to the zero-th frequeney moment of ocZF(oo), i.e. the

area under oczF(co), whereas X is the 1% inverse moment. Notably, Quan et al. [7] found that this

expression works equally well for the high pressure hydrides;.if the metal atom contribution is
neglected.

In the last decade design of (possible or now real) RTSs has focgsed on highly compressed metal
hydrides, which provides atomic-like H in a lattice ‘and/ thereby might approximate the metallic
hydrogen acme of superconducting T¢. [9] Designiof H-richmetal hydrides at 100-400 GPa pressure
has provided a challenging palette to be painted by designers, but much has been accomplished.
Cui’s group provided [5] the patently outrageous prediction of T=200K around 160-200 GPa for H3S
in one of the simplest possible structuresi(bcc, 1 f.u./cell). In less than a year Eremets’ group

(proceeding independently) synthesized [6] their H-S sample showing Tc=200K at 160 GPa,

subsequently identified as H3S —sremarkable agreement. This eminently successful prediction
involved little in the way of informed design; nothing was known (and still is not) about how to
design a RTS hydride, beyond the cusrent.mantra of “include a lot of hydrogen with high frequencies
and hope for strong coupling.”

Current and future challenges: a revisionist approach to RTS. The first level challenge is to obtain
an understanding interms, of current (or new) properties that will enable rational design: what
should one pursue; and why? A guideline is given in the previous section: X=N(O)I2/MQZ== n/x.
Philip Allen gave important insight into this expression: the denominator is obviously the lattice
stiffness k (harmonic oscillator force constant, and independent of mass), thus the numerator
representsian electronic stiffness 1 (the McMillan-Hopfield parameter). Obviously, large N(0) gives

the electronic system a large response (and tendency toward instability). The role of IZ in electronic
stiffness’ againstlattice motion is evident in principle but an enigma in practice. As for increasing the
coupling: (1) Increasing N(0) always helps, until it leads to lattice, magnetic, or thermodynamic
instability. /Electronic structure studies provide data and sometimes intuition on how a class of
metals might be manipulated to increase N(0). (2) Much is understood about Q2 — which frequencies
should be high or low, what bonds are likely to be stiff, etc. — although first principles calculations
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must always be carried through. (3) The Fermi surface averaged squared matrix element 12 is the
elephant in the room, or more realistically, the chimera in the closet. To say that nothing is
understood about what makes I large or small is almost an understatement. In the Gaspari-Gyorffy
model [10] of rigidly displaced atomic potentials, a simple expression was obtained but involved
scattering phase shifts at the Fermi level, for which modest understanding is available (although-it

did provide a means for theoretical engineering of increases in T¢).

Although not mentioned yet, there is the crucial underlying necessity for materials designers::to
determine if the designer materials can be synthesized, viz. if they are thermodynamically and
dynamically stable. In the words of a materials growth experimentalist to designers: “don’t pollute
the literature with stuff that can’t be made.” This is a tough challenge: (i)/calculate, whether your
designed material is dynamically stable (all positive phonon frequencies), and (ii) the hard part:
determine whether competing phase(s) will make the materials impossible to.synthesize. Algorithms
have been developed to help the designer to chase and test the most likely competing phases and
several groups are applying them.

Advances to meet challenges: recognize the tyranny of A. Iniretrospect, too much emphasis has
been placed on A, and its deceptively simple decomposition into .and k. However, from 1970 to
2020, “strong coupling A” has been not far from 2, while,T¢ has increased from 23K to 260K. The

following are a sampling of the largest A superconductors’over.time (hydride numbers have some
uncertainty):

1975: Pb-Bi alloys: A~2.1-2.6, Q~4 meV, Tc~7-8K. [2]
2014: H3S: A2, Q=150 meV, Teg=200K.
2019: LaH10: A2, Q=175(?)meV, Tc=260K.[7,11]

A factor of 35-40 increase in Q has produced afactor of 30 increase of T, in spite of impotence
displayed by A. It is n=kMQZ that has ballooned, by an order of magnitude, mirroring the increase in
MQ?.
N
As noted above, designing to increasefA has led to unstable lattices. This observation suggests that
the focus should shift to,.a more direct functional dependence such as TCP(T[,K) rather than
Ty, Q=[M]''2) ~ Q f(2=n/MO?) = (n/M1) Y2 £(1),

which is effectively a prefactor QO modulated by a function f(X). There is, in TCP(T],K), still a
dependence of &0n 1 but.t is an independent functional relationship; most previous analysis has

considered the functional dependence of k on A, itself depends on «, leading to a circular
functional dependence/that, notwithstanding conceptual importance for lattice instability, misguides

analysis/of enhancing T.. Figures 1 and 2 provide surface plots of these T. functions, see the

captions forexplanation.

One can observe: increasing Q with other parameters fixed decreases A -- the adversarial connection
in the effect on Tc. A very common effect is: increasing A enhances renormalization downward of Q,

with feedback (further increased A) that drives the lattice toward instability. This circular enigma
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has been studied for five decades, but most often reduces to details not evident in the broad
materials properties that are being discussed. Rather, one specific branch in a small range of
wavevector is driven soft while the silent majority (95-99%), and 2, have not changed much. Hence,
average properties — A, 0, 1, ¥k -- miss the crucial physics of lattice (in)stability, which isyhighly
material specific (Fermi surface specific, bonding specific, etc).

TelA£) surtace
400
as0 -
00 -
250 | 40 Figure 1. Surface plot and projected heat map of Allen-Dynes’
TolKjzon |- 0 AD
150 |- = expression Tc (A,Q) (origin is at far left) emphasizing,the very

1 large range of the arguments. The plotis roughly symmetric,
s With the maximum lying along ‘diagonal®with a decrease
®  toward either axis. The implication is that b@ A and

Q PREPRERRERRERRRERRRRERRRR, which is challenging

because A is proportional to Q‘Z. The scale©f T¢ is normalized

to the value of H3S at the calculated values of A and Q for

T,lkm) surface

- 4
Figure 2. Plot as in Fig. 1 of T¢(k,n) taken from the Allen-Dynes

equation (origin is at far left) emphasizing very large values of

EREERE

the arguments. As in Fig. 1 Tc is normalized to values for H3S

(Te=200K). The large values of T¢ lie along the T]=N(0)[]2 axis;

the lattice stiffness k=MQ? is of somewhat secondary

importance, but of course important for stability of the lattice.

A S

1/2

The Allen-Dynes strong coupling/limit, Tc=>0.15 (n/M)~“, removes « as a critical player in beyond-

RTS considerations, hence eliminating A as well, aside from retaining lattice stability. The Leavens-
Carbotte form, parametrizing'good superconductors of the time and for hydrides as well,[7,8] differs

)\'1/2

by a factor so it does still implicate some importance for A for advances in 1970s, and 2020s,

superconductors.

These guidelines.feturn'the focus to the (still enigmatic) Fermi surface averaged electron-ion matrix
elements IZ, which“involve only the static lattice and its electronic linear response (no phonon
information). The goal then is to keep the lattice stable and better yet stiff, but otherwise innocuous
while increasing the electronic stiffness n=N(0)I2. Beyond the Gaspari-Gyorffy model, there has
beenlittle progress on understanding I%. There are clear avenues for progress: since these are

simply matrix elements of the change in potential due to an infinitesimal displacement, these are
quantities already coded (in some form) into existing Eliashberg codes. Elements, and hydrides
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(essentially elemental hydrogen for these purposes [7]), will provide very clear information on how

12 depends on atom, environment, and Fermi surface character.

Materials design is heavily in silico technology. Whereas progress has been made in optimizing the
computational “Eliashberg machine” [12] and crystal structure discovery, [13] computational
expense of materials design remains a substantial challenge as the search proceeds from/binaries to
ternaries (the essential element being H, but the possibilities being expanded enarmously)..Machine
learning algorithms are beginning to be applied. At the current stage, these effortsfignore detailed
guantum mechanics while relying on materials data and statistics in the expectation of thereby
identifying unforeseen patterns. Extension to the yellow brick road toward RTSs provides an extra
challenge, given the dearth of data on near-RTS materials.

Concluding remarks: the known unknown. A reassessment of the historical progression of high T
based on the conventional mechanism indicates that focus on the 'dimensionless measure A of
coupling has been unfruitful and misleading, leading to the roadblock of lattice instability. High T,
instead is linked to larger n=N(O)I2, and I? is available in codes but.has not been isolated for study.
That should be the objective, but it’s not that easy. I? involves a sereened atomic displacement, and

screening is linked to N(0); understanding thus requires. that the product N(O)I2 requires

investigation in toto,[12,14] with attention to the character of Ferrni level wavefunctions.

A last factor to mention is that of the (neglected above) effective electron-electron repulsion p*,
renormalized downward by the frequency mismatchibetween nuclear and electron velocities. An
illustrative expression for the reduction compared  to the instantaneous repulsion p is

w*= p/(1+ p loglwpl/Q]), where wp) is the electronic plasma frequency. The point is that increasing
Q, BInd thereby T, as discussed above, has the negative effect of increasing the effective Coulomb

repulsion and thereby opposing higher T.. This is likely a minor effect (due to the logarithmic

dependence) but illustrates the need to address the issues collectively.

N
The formal and computational /means for progress is in hand. What may be most lacking is

recognition that understandingof electron-phonon coupling that is needed to guide the roadmap is
not yet in hand. Note: this\discussion has followed the McMillan-Hopfield decomposition of A that

strictly applies only to elements; compounds may provide additional mechanisms for enhancing Te.
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3. Fabrication and Stabilization of Superconducting Superhydrides

Ranga Dias, Department of Physics and Astronomy, University of Rochester, USA

Status

One of the grand challenges in condensed matter physics is the quest for room-temperature (RT)
superconductivity. More than a century of rigorous research had led physiciststo believe thatthe
highest critical temperature (7¢) that could be achieved for conventional superconductors.was 40
K (7). However, the recent discovery of superconductivity in hydrogen sulfide at 203:K changed
the notion of what might be possible for phonon-mediated superconductors\(.?). This paradigm
shift in our understanding of superconductivity has centered around theé role of hydrogen (Fig. 1).
Theorists have shown that metallic hydrogen should have the high Debye temperature and strong
electron-phonon coupling necessary for high-T. phonon-mediated superconductivity. However,
extreme pressure would be required. As an alternativep thisielusive phase of hydrogen can be
mimicked by using hydrogen-rich materials (3). In>such mat;rials, hydrogen is already in a
chemically pre-compressed phase and once, impelled by further external pressure, can be
metallized at much lower pressures thanspure hydrogen, providing the necessary conditions for
promoting high-T. superconductivity at morefeasible pressures. Not surprisingly, this is a very
active frontier for research, which.s evelving rapidly though advances in ab initio simulations (4)
and tremendous recent progress Qexperimental observations. The first of its kind was discovered
on LaHo (Te ~ 250 K to 260 K) and recently YHs (T. ~ 243 K to 262K) was discovered (5-7).
However, thus far, theoretical and experimental studies are mainly focused on binary
superhydrides. Going forward, more compounds are possible by expanding to ternaries, although
the predictions are harder because of the increased number of structural configurations to
consider and the.number of ways that a candidate structure can decompose is much greater.
Therefore, relatively little is known about the phase stability and configurational energy landscape
of ternariesi"A recent experimental study has reported RT superconductivity in carbonaceous

sulfur hydride system with the highest Tc of 288 K at 267 GPa (8). Searching for RT or above RT

superconductors among the ternary or quaternary superhydrides is a natural and very timely
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extension to the rapidly developing field of high-T. superconductivity to harness those properties

at much lower pressures or ambient pressures for transformative technologies.
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Figure 1. Superconducting T. plotted against pressure. High pressure techniques create the prospects for identifying RTSC. Three red
labels demonstrate the preservation of the high Tc superconductivity.while lowering the pressure (red arrow).

Current and Future Challenges

Pressure is a particularly impertant parameter for driving reactions towards higher metal
oxidation states that cannot be a{c:essed through other synthesis routes. Furthermore, a vital
component of driving materials 0 higher densities is the ability to push insulating materials into a
metallic state. This is eritical when searching for superconducting states, as best demonstrated
by H,S (2). Often, the formation of compounds under pressure is hindered by a strong kinetic
barrier, as engountered in‘the synthesis of highly refractory carbides (9). However, this often does
not apply to.hydrogen due to its extremely high reactivity and diffusivity, especially under high
pressure-temperature conditions. Although this has been a major hindrance in the quest for
metallic hydrogen at extreme conditions, due to detrimental reactivity with the sample
environment, this could play a positive role in achieving novel reactivity with metals for new

hydrogen-rich material synthesis. Therefore, the necessity for controlled tunability of pressure and
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temperature (i.e., the energy density) is critical in the search for new materials. This interplay
between pressure and temperature provides a powerful tool — giving access to novel states,

allowing control of reaction pathways, and directly examining kinetic factors.

Accurate structure determination in superhydrides, hindrance by significant challenges in
determining the location of hydrogen by X-ray diffraction, which has been the common approach
for structure determination to date. Difficulties in probing lighter elements ari\se in'XRD because
the scattering power of an atom scales as Z2. This causes heavier.nuclei to dominate the signal,
especially in relevant examples such as the rare-earth metal (Y;La) superhydrides. Consequently,
any reliable information is lacking regarding the location ofithe pretons, with further complications
in materials like C-S-H where the overall scattering power ofithe sample is weak and the sample
single crystal-like. To overcome such limitations, /it is v?tal to develop an alternative

characterization suite of X-ray spectroscopy toels that inform on the local electronic structure and

coordination environment of a targetedelement.

Advances in Science and Technology to Meet Challenges

The high-pressure technigues are becoming indispensable to obtain new materials with
unusual properties. These teChniq}eS can complement more conventional synthesis approaches
to discover new materials. Itiissimportant to develop methods that can be used to quench the
materials to low or ambient pressures. This can be achieved by increasing the kinetic barriers
toward decomposition and/or inducing chemical pressure. The latter can be created when an
atom or ion is located at a crystalline site that is smaller than the atomic or ionic radius. The
chemical substitutions to enhance superconductivity suggest suitable substrates for the epitaxial
growth of ‘super-hydrides to reduce the applied external pressure. Developments in substrate
couldhbe used to reduce the required high pressure by growing the clathrate super-hydride on a

suitable but an inert surface structure with lattice parameters slightly less than that of the clathrate
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itself to generate chemical pressure. In order to synthesize these superhydrides, we have used a
diamond anvil cell (DAC), which includes two diamond anvils. It is quite natural to think of a way
to use diamond as an inert substrate. It is possible to design MBE methods to grow superhydrides
superconductors at ambient pressures and formulate strategies for quantum device design,
including ambient and high-pressure environments.

Accurate structure determination of hydrogen-rich materials under very.high pressure is
extremely challenging and that the structural and stoichiometric determination of, superhydride
systems have been clouded by a reliance on X-ray diffraction (XRD) technigques. To overcome
such limitations, it is vital to develop an alternative characterization,suite of X-ray spectroscopy
tools that inform on the local electronic structure and coordination environment of a targeted
element. Techniques like X-ray absorption spectroscopy. (XAS), that probe the scattering from
nearby atoms of X-ray induced photoelectrons, and X-ray emission spectroscopy (XES), that
provides an element specific partial occupied density of states, allow for a more complete
structural picture of these hydrogen-rich materials than afforded by XRD alone. These types of
measurements in the megabar regime are currently extremely challenging but will provide new

light in directly probing elementstlike carbon and.sulfur.
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Figure 2. The workflow of the synthesis and stabilization of materials by désign
Concluding Remarks

The search, synthesis, and structural and physical eharacterization of superhydrides with high
superconducting transition temperattre, andsan_understanding of how to access metastable
pathways to their recovery to ambient conditions is critical for the advancement of material
science and energy transmission technology (70). Modern exploratory syntheses require
extensive assistance from awidesangeof computational tools at every step. Crystal Structure
Prediction (CSP) searches are'ideally suited to identify which compounds are sufficiently stable

that they might be synthesized. By comparing free energies across

pressure ranges fof competing phases computationally, we can target very specific experimental
conditions wherentarget compounds are likely to form. Many experimentally measurable
properties ean be simulated to high precision and made available during synthesis (Fig. 2). While
traditional trial-and-error approaches to synthesis often require weeks or months to assemble

enough experimental data to identify a new phase. As simulation and experiment improve our

Page 18 of 105



Page 19 of 105

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - JPCM-118642.R1

Journal of Physics: Condensed Matter 33 (2021) The 2021 Room-Temperature Superconductivity Roadmap

understanding of the kinetic and thermodynamic aspects of stability, a detailed understanding of
adjusting structure and composition may be exploited to rationally design and stabilization of high

Tc superconducting superhydrides at ambient conditions.
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i 4. High temperature superconductivity in hydrides
5 M. I. Eremets,
6 Max Planck Institute for Chemistry, Mainz, Germany
7
8
9
10 Brief history and status
:; A dream of the room-temperature superconductivity (RTSC) always'motivated the
13 field of superconductivity. However, an empirical search revealed only very low=temperature
14 superconductors with the highest transition temperature 7.=28 K (Fig. 1). The great BCS
:2 theory explained the superconductivity, and this understanding led to an inerease.of 7. but
17 only to the modest value of 39 K in MgBa. The prevailing opinion was formed that the
18 conventional phonon-mediated pairing of electrons could not providethigh.7%. The real hope
;g for RTSC gave a discovery of cuprates, unconventional superconduictors'that operate at a
21 temperature above liquid nitrogen. However, after thirty-five years of tremendously intense
22 efforts, a microscopic theory of the high-7¢c superconductors still 1snot established that
;i hampers further progress in the transition temperature.
25 Unexpectedly, conventional superconductivity opened.a straightway to RTSC. In
26 2015, “Earth temperature” superconductivity at 203 Kdiscoverediin H3S[1], later, in LaH1o at
27 250 K [2], (260 K was claimed in Ref. [3]). Recentlyssupereonductivity at 287 K in H3S
2 . . 5 . .
22 modified with carbon was announced [4] but more expériments are need to prove it. This
30 incredible progress resulted from the symbiesis of experiment with theory [5] and the greatly
31
32
33
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33 Fig..I. The evolution of the superconductivity
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U materials.
58
59 developed computations. The superhydrides are perspective for further increase of Tc and
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search for the ultimate limit of the transition temperature - agenda changes to “hot”
superconductivity. Already superconductivity with 7. =200°C was predicted for a ternary
MgLiH [6].

Further advances will be likely connected with finding conventional superconductors
at ambient pressures. The experience accumulated for the hydrides will be used for the
search.

Big research issues and challenges

High-pressure hydrides remains to be an excellent platform for the search of the
ultimate limit of the conventional superconductivity. 7c~400-500 K would require for future
applications of superconductivity at room temperature. o

An obvious next big goal is conventional superconductors atambient pressure above
the temperature of liquid nitrogen needed for applications. Several authors discussed this
possibility, particularly M. Cohen [7]. How the high-pressute studies of superhydrides relate
to this goal? H3S gives a good example that covalent_metals, (such as MgB2 at ambient
pressure) can be HTSCs at right combination of parameters sueh as high Debye frequencies,
electron-phonon coupling, and the density of states at the Fermi level. Instead of hydrides,
carbon- materials or other with light elements can be perspgctive for ambient pressure [8].
Carbon atom is relatively light, and what is the most important, that many carbon materials
have strong covalent bonding that leads to high phonon frequencies - very comparable with
H3S which has Te~1500K [9]. Diamond, nanotubes, fullerenes etc intrinsically are insulators,
semiconductors, or semimetals but they can be turned to metallic and superconducting state
by doping or alloying [8] in comparison withrhydrides which metallize with application of
pressure. Another obvious lesson from ‘the high-pressure studies is the importance of
hydrogen in the system: calculations showed that an addition of hydrogen to carbon materials
can significantly enhance T. [10]. Several calculations predicted different compound of light
elements which are superconductors with 7. >100K. There is significant progress in the
experiment too: superconduetivity Te=55 K was announced in amorphous carbon heavily
doped with boron. However, experimental finding superconductivity with T, >100 K seems
to be a big challenge!

Advances in Science and Technology to Meet Challenges

Furthet progress towards “hot” superconductivity most likely connected with ternary
hydrides. Both experimentaland theoretical search superconductivity in these compounds are
difficult. The caleulations should be developed to at the level of efficiency of prediction of
superconductivity in binary compound and provide experiment with a guide of candidate
structures, and the experiment will provide a feedback. Intuitive and empirical search will
continue, but even being providing with good predictions, experimental high-pressure studies
remain to be complicated and slow while gradually becoming more efficient. An apparent
difficulty is the synthesis. The ratio of elements in the samples either in the stoichiometric or
doped compound is difficult to control. An analysis of the synthesized samples should be
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3 developed. At present, it is limited with X-ray, Raman spectroscopy and the electrical

g measurements.

6 Search for ambient pressure superconductivity is difficult in a high pressure

7 laboratory unless superconductors will be found which can be recovered to ambient pressure.
g The pressure of the synthesis should be low, few GPa, for workable applications.

10 Most likely the search will be done in carbon-, boron- or other light element based

n materials. This search requires different technology for synthesis, doping and analysis ef the
:g material that can be done in a well-equipped material science laboratory. Still, some projects
14 are workable by using the accumulated experience with the high pressure hydrides. For

15 instance, hydrogenation of the samples can be done in the confined volume 0of DAC

17

18 Concluding Remarks

19 The discovery of near room temperature superconductivity/with Ze=203 K in

;? hydrogen sulphide triggered amazingly quick and extensive development of the high-

22 temperature conventional superconductivity both theoretically and expetimentally. The

23 superconductivity was confirmed and well established in different laboratories. The theory,

;;' the first principle calculations continue to fuel the field and'bring many candidates for high-
26 temperature superconductors realised in a new record in LaH0: T, =250 K (260 K in Ref.[3].
27 A search resulted in nearly RTSC at 287 K in hydrogen sulfide changed by carbon: either by
;S doping or forming an HSC ternary compound, however, this announced result still after three
30 months, is not confirmed. Even higher, “hot” superconductivity is probable in view of the

31 predictions, in particular calculations of 200°C superconductivity in MgLiH ternary.

32 The experience accumulated in the studies of the high-pressure hydrides already is

gi using for calculations of at ambient pressure and hopefully will follow with experimental

35 discoveries of new superconductors.
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z 5. Bonding and electron-phonon coupling in high-pressure hydrides

5 Christoph Heil, Institute of Theoretical and Computational Physics, Graz
? University of Technology, NAWI Graz, 8010 Graz, Austria

g Status

10 The experimental realization of superconductivity (SC) at about 15 degrees, Celsius ‘in
11 carbonaceous sulfur hydride by Snider et al. [1] in 2020 represents stthe most.recent
12 milestone in a long list of achievements in the hunt for room-temperature SCthat started a
12 bit more than a century ago with the discovery of SC below 4K in mercury [2,3]. The latest
15 progresses in computationally describing materials’ properties enable researchers to
16 theoretically predict crystal structures completely in silico and to calculate their critical
17 superconducting temperatures, abilities that have proven to be invaluable tools in the
B search and screening for highest-T. materials. Only 5 years after'the fir\st réports of near
20 room-temperature SC in SH3 [4], the scientific community has already determined the high-
21 pressure phase diagrams of most binary hydrides [2,3]. Within'these, two classes of high-T-
22 materials have been identified: (i) covalent hydrides and (ii) hydrogen-rich sodalite-like
23 clathrate (SLC) structures. In the former case of covalent hydrides, such as SH3, H and the
;2’ other element create a network of strong covalent bonds that become metallic due to the
26 extreme pressures. For these, the degree of covalency determines to a large part the value
27 of T¢, and neither too weak nor too strong bonds are preferable [5]. In the latter case, SLC
28 hydrides are highly symmetric, forming hydrogen cagessareund a guest atom. While the
;g situation is not as clear here and further research éfforts need to be invested, it became
31 apparent that their geometry plays an important factor‘with respect to bonding, electron-
32 phonon (ep) coupling, and their superconducting properties [6]. Within this class, LaH1o, YHs,
33 and YHip are found to have Tcs around room temperature [6,7].

34 Having mapped out the phase diagrams of'almost all binary hydrides [3,8], research focus is
22 currently turning towards ternary systems,that are, on the one hand, much more involved
37 than the binary systems due torthe sheer number of stoichiometric combinations, yet, on
38 the other hand, offer even more _possibilities to find more highest-Tc superconductors.

39

40 Current and Future Challenges

41 . . . . . .

4 In the following, we want to discuss the two previously mentioned, main classes of high-Tc
43 hydrides in more detail. Fig. 1(a) shows the bcc crystal structure of the prototypical
44 covalently-bonded XHs, withinH™ (X) indicated by blue (green) spheres. The volume
45 encapsulated by the red, H-centered ellipsoids indicates regions where the charge density of
j? XHs is higher than/that of-hypothetical X and Hs solids in the same crystal structure. In case
48 the electronegativity of X is only slightly larger than that of H (2.1), which is the case for S
49 (2.4) and Se (2.5), strong covalent bonds are formed along X-H-X [Fig. 1(b)]. For X=0, the
50 situation is very diffefent,;as due to the increased electronegativity of O (3.4), the charge
g; accumulates around/the O atoms [Fig. 1(b)] leading to more ionic bonds [5]. While the
53 increased ionicity results in an increased ep coupling, it also pushes the crystal beyond its
54 stability limit. This suggests that SC could be even further improved in SH3 by making the
55 bonds slightly'more ionic, yet not so much as to introduce lattice instabilities.

56

57

58

59
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(a)
(b) . .
(c) 0

Figure 1. (a) Crystal structure and Isocharge surface (p = 0.01) of SeHs in the conventional unit cell. (b) Charge plot in the gray-shaded
plane of (a) for SeHs and (c) for OHs, both with subtracted backgrounds. In the case of SeHs, most of the charge is located around the
H atoms, while for OHs most of the charge is in the vicinity of O. Both scenarios are suboptimal with respectte achieving the highest
Te. Reprinted by permission from [5].

In contrast to the covalent hydrides, stability and SC in the SLC hydrides, such as YHs and
YHio, are, in large parts, governed by geometrical constraints, in particular the H-H and Y-H
distances. Compounds with higher H content have shorter H-Hidistances, which is beneficial
for SC, yet require higher stabilization pressures. Anharmonic effects also have a large
impact on the stabilization pressure and, in particular, the H-H bond lengths (as
demonstrated in LaHio [7], for example). Furthermaorejinterorbital interactions and induced
doping between X and H can be strong, meaning these.materials cannot be viewed as
simple realizations of atomic hydrogen. For example, in the left column of Fig. 2, the Fermi
surfaces of YHe and YH10 are shown, with colours indicating the degree of H character, while
the right column shows the superconducting gap function, with colours correlating to the
gap value [6]. As can clearly be seengsthe gap values do not follow the Y and H characters of
the Fermi surface, demonstrating strong Y-Huinteractions. Combining host atoms with
different sizes, masses, and electronegativities is therefore an appealing route to realize
highest-Tc materials at lower pressures [2,6,9].

H character ~ i
p MAX
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3 Figure 2. Fermi surfaces of YHs (top row) and YH1o (bottom row). In the left panels, the color scale spans the projection onto H states

4 where blue corresponds to 0 and red to 1; in the right panels, it spans the values of the anisotropic gap function at 40 K, blue being 0

5 meV and red the maximum of 59 and 74 meV for YHs and YH1o, respectively. Reprinted by permission from [6].

6

7 . .

8 Advances in Science and Technology to Meet Challenges

9 One reason for the rapid progress of research on SC in the material class of hydrides has
10 been the availability of theoretical ab initio methods that allow the determination of the
11 most stable structures and the accurate and quantitative calculation of superconducting
g properties. The former will be discussed at length in Section Il of this Roadmap,article'and
14 the latter in Section IV, which enables me to mention a few particular points here most
15 relevant to bonding and ep coupling.

16 As suggested previously, building upon the currently known high-T. structures.and trying to
:; improve their properties by modifying them is a viable and promising path forward. For the
19 covalent hydrides this means to search for materials with even'strongerscovalent bonds
20 than those found in SHs [5], and for the SLC hydrides to make use.of the tight connection
21 between the guest atoms and the possible geometries of the system to either increase Tc or
. decrease the lower critical pressure of stability [6]. In both cases,this is tantamount to
;i delicately balance the strength of the ep interaction, as a higher ep/ coupling, beneficial for
25 SC, also brings the material closer to its lattice’s stability limits. Ternary (or even quaternary,
26 ...) systems offer a plethora of possibilities to optimize this balance, yet significantly more
27 computational resources will need to be invested asscompared to binary systems due to the
28 sheer amount of combinatorial possibilities. 4

29 . . .. w & . .

30 Another interesting aspect related to lattice instabilities in hydrides is the fact that van Hove
31 singularities occur at (SHs, LaHi0) or are close to (PdH, PH,) the Fermi level [3,10]. This
32 means that there is a large electron density available to SC, yet also indicates the proximity
33 to structural instabilities. Of particular_significance with respect to near room-temperature
g;’ superconductors is that around 300K, temperature effects on the electronic properties are
36 already sizable, affecting also the vibrational and ep properties [11]. Investigating and
37 studying these implications and incorporating them in the current ab initio approaches to
gg predict Tc will be important stepssin future research.

40 .

o Concluding Remarks ~N

42 The past few years have seen a'tremendous progress in the research on ep SC, culminating
43 in the realization of room-temperature SC in 2020 [1]. Even though the first experimental
44 realization of a high-T¢ hydride was reported recently in 2014, the scientific community has
22 already gained a lot-of knowledge about these materials. Two different main classes have
47 been established so far, categorized based on their bonding properties and geometries, and
48 the origins of their.excitingly high T¢'s have been illuminated. One of the most important
49 future milestones, to reach is to bring the required pressures, currently in the megabar
g? range, down to fegimes that are easier to handle, by fine-tuning the ep interactions, and
52 optimizingsstructures and compositions. Judging on past achievements and the current pace
53 of research, I'miconfident that many interesting and new materials with exciting ep and
54 superconducting properties will be discovered in the near future.

55
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6. Toward Hot Superconductivity

Russell J. Hemley, Departments of Physics and Chemistry, University of Illinois at Chicago,
Chicago, Illinois 60607, USA.

Status

The possibility that superconductivity, among the most notable quantum properties in
condensed matter, could exist at room temperatures has been of longstanding speculation since the
discovery of superconductivity itself. That states of zero electrical resistance could/persist well above
room temperature in condensed matter was suggested by Ashcroft’s 1968 prediction [1] that high-
pressure, atomic metallic phase hydrogen could exhibit ‘conventional’ superconductivity. arising from
strong electron-phonon coupling, a high density of states at the Fermi level, and high frequency phonons
of light nuclei. This prediction was followed by more detailed calculations suggesting critical
temperatures 7. above 400 K as well as other exotic forms of this dense quantumymetal to multimegabar
pressures [2].

Seeking routes to reduce the pressure of the transition to atomic metallic hydrogen, Carlsson
and Ashcroft [3] suggested the use of dopants to stabilize the metallic and superconducting phase,
whereby hydrogen-rich compounds and alloys containing atomic_hydrogen might be stable at static
pressures readily accessible in the laboratory (e.g., <300 GPa). These predictions motivated
experimental studies of superconductivity in hydrogen-rich materials and molecular mixtures, work that
was later inspired robust computational structure-search methods providing useful predictions for
candidate structures and compositions with potential high 7¢ sﬁperconductivity, again based on
‘conventional’ (BCS Eliashberg) electron-phonon coupling models.

This effort led to predictions and experimental discovery of high 7. hydrides formed form p-
block elements (e.g., H3S), metals (e.g., LaH0, YHg, YHig), and most recently in the C-S-H, now in the
vicinity of room temperature [4-6] (Fig. A)ultis now recognized that one route to achieving potentially
higher Tt is by exploring the greater chemical landscape. Chemical doping includes substitutions
leading to hole doping that can increase the density.of states at the Fermi level and/or enhance electron-
phonon coupling (e.g., carbon in hydregen sulfide [7] and boron-nitrogen in lanthanum hydride [6]).
The extent to which either occurs in'the latter, as suggested by recent preliminary findings, will require
additional experiments [6]. Alternatively, electron doping, harkening back to the suggestions of
Carlsson and Ashcroft, can further enhance7. well into the ‘hot’ superconducting regime, as predicted
for the Li-Mg-H system [8].
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Figure 1. Maximum superconducting critical temperatures 7 since the diseovery of superconductivity in
1911.

Current and Future Challenges
Current and future challenges are both fundamentalrand technological. Overarching questions
that challenge the field from the standpoint of fundamental physics.aftd chemistry include the following.
(1) What are the highest superconducting T, s possible in condensed matter? What are the

fundamental limits, and how can this be realized in,materials’(as opposed to nuclear matter)? Recent
advances have been made by appealing to greater chemical complexity; what are the prospects for more
complex alloys, stoichiometries, and/orvariable dimensionalities? (2) What is the superconducting

mechanism_of these low-Z systems when._ theirifull guantum character is properly included?
Characteristic features of the magnetoresistance properties reported to date do not fit the ‘conventional’

description. Yet to be explored in detail are non-adiabatic effects arising from the highly quantum
character of the nuclei [9]. (3) How can experiments be improved to further characterize these materials
and test proposed mechanisms? Syntheses can be strongly P-T path dependent, the phases may be

metastable and have variable crystallinity and homogeneity, and hot hydrogen-rich samples are difficult
to contain - all of which challenge characterization. (4) What additional new physics might be revealed
in these low-Z systems? Predictions for pure hydrogen include a possible superconducting superfluid

and other novel quantum fluid and solid properties [2]. Do similar phenomena occur in hydrides, and is
there a relationship to.ether novel dense phases such as electrides and topological materials?
Technologic¢al questions include the following. (1) How can information gained lead to the

creation of new usefulbmaterials, thereby extending ‘materials by design’ to enable the creation of novel
superconductors? The creation of very high 7. superconductors stable (or metastable) under ambient

conditions may be/possible with continued advances in synthetic methods and understanding of these
materials. (2)yWhat structures and compositions should be targeted for stabilization? Related carbon-

bearing hydrides may persist as high 7. materials at ambient pressure because of the rigidity of their sp
bonding.  (3) Could materials be synthesized and stabilized using multiple extreme environments,
including magnetic or electric fields? Recent calculations indicate that electrochemical loading could

be used to synthesize the materials at modest pressures [10].

Advances in Science and Technology to Meet Challenges
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4 Answers to these fundamental questions will be enabled by expanding the number,

5 sensitivity, and resolution of in situ probes of materials properties under extreme conditions. These
? techniques include those that probe local bonding and structure, dynamics, crystal structure,

8 electronic, magnetic and transport properties. The methods will rely on continued development of x=
9 ray synchrotron radiation methods such as nuclear forward scattering for Meissner measurements,

10 inelastic x-ray scattering (both RIXS and x-ray Raman) of absorption edges, and nano-diffraction

1; methods at TPa pressures. Synchrotron infrared measurements down to the THz range can determine
13 gaps, electron-phonon coupling, and the nature of the normal state to multimegabar pressures. High
14 pressure neutron diffraction and scattering is needed to determine the low-Z (e.g., hydrogen)

15 substructures and dynamics at multimegabar pressures, advances that may be possible with new

1? spallation neutron scattering facilities.

18 Routine measurements in high magnetic fields (10* Tesla) are needed toumap out the field

19 dependence of T, to establish Type I or II character. All of these methods mustbe Sensitive to not only
;? bulk properties, but also interfaces where novel behavior may occur under extreme conditions,

2 including that arising from possible topologically protected states and 2D supetconductivity

23 introduced by combining different materials (including diamond and hydrogen) at megabar pressures.
24 In pure hydrogen, the extent to which pressure-induced interfacial. metallization and possible

25 superconductivity at the hydrogen-diamond interface could occur prior.to the transition in the bulk is
;? suggested by early work that showed reproducible electronic Raman features at the diamond-

28 hydrogen interface (Fig. 2). R

29 Nanofabrication capabilities will enable in situ high pressure measurements of back-gating for
30 . .

31 carefully tuned electron doping of materials to‘enhance 7., analogous to methods already developed
32 for fabrication of field-effect transistors inside diamond.anvil cells. Finally, there is the continued

33 need to reach higher static pressures with sufficiently large volumes that will allow unambiguous

34 determination and characterization of bulk versusunterfacial properties. In addition, there is a need for
;2 combining different in situ probes of the same sample subjected to multiple extreme environments
37 (e.g., P-T-H-E).
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Figure 2. (A) Quantum diffusion and sublattice melting of LaH;, based on path integral molecular
dynamics simulations (150 GPa and 800 K). The displacements of the La atoms (green spheres) and H atoms
(pink spheres) are shown [from Liu et al., Phys Rev. B 98, 100102(R) (2018)]; (b) Vortex structure of:
superconducting superfluid hydrogen [from Babaev et al. Nature 431, 666-668 (2004)]; (c) Band structurerof
the 111 diamond surface of diamond covered with a hydrogen monolayer at 350 GPa and (d) molecular
dynamics simulations of hydrogen in contact with a 100 diamond surface at 300 GPa (H. Lui et al.;
unpublished); (¢) Raman spectra of the diamond-hydrogen interface near 200 GPa indicating anomalous
electronic excitations associated with pressure-induced interfacial electronic transitions [ddapted from
Hemley and Mao, Phys. Lett. A 163, 429-434 (1992)].

Concluding Remarks

Recent discoveries in this rapidly evolving field represent remarkable advances on the
century-old goal of realizing room-temperature superconductivity and the possibility of
superconductivity in the ‘hot’ regime. Facilitating this effort is the increasing accuracy of theoretical
and simulation methods. Systematic prediction, synthesis, and validation'has been'shown to be
important not only in understanding the mechanisms underlying superconducting behavior, but also
for recovering materials exhibiting these properties for practical applications. The overarching
fundamental questions highlighted above are deeply tied to broader questions associated with
understanding the nature of condensed matter at very high densities in unexplored P-T regimes of
‘cold’ to ‘warm’ dense matter. Addressing these issues will likely advance our ability to harness this
remarkable quantum behavior for practical applications in next-generation materials and devices.
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7. High pressure hydrogen: a theoretical challenge from the simplest element
Carlo Pierleoni, Department of Physical and Chemical Sciences, University of L’Aquila, Via
Vetoio 10, 67100 L’'Aquila, Italy

The phase diagram
Hydrogen is the simplest element in the periodic table and the paradigmatic system upon which our

understanding of quantum mechanics of atoms, molecules and condensed phases is based. It is also
the most abundant element in the universe under widely different physical conditions{d]. It is relevant
for energy applications both in the inertial confinement fusion program and as green-energy source:
Yet its physical behaviour under extreme conditions is partially unknown “mainly because of
experimental difficulties in producing and controlling the relevant physical conditions [2]. The most
relevant and still unanswered question is about the mechanism through which hydrogen metallizes.
As any other element, if compressed enough it must turn metallic. But& pressure-induced
metallization in the crystalline phase accompanied by a structural phase _transition, either with or
without molecular dissociation, or is it caused by progressive closure‘fithe electronic gap in the same
structure? What is the scenario at higher temperature in the fluid phase? Obviously these questions
are highly relevant for the still unobserved hydrogen superconductive state which is expected to have
a very high critical temperature, probably higher than the melting temperature [2]. Important
advances on metallization of solid hydrogen appeared ih recent years. In 2017 Harvard’s group
announced the observation of metallic hydrogen in the Diamond Anvil Cell (DAC) at 495 GPa and below
80K[3]. This conclusion was drawn by the sudden appearance Of a reflective sample above that
pressure, interpreted as the first evidence of hydrogen metallization. This interpretation has been
criticized by others[2]. At about the same time Mainz's group reported evidence of the formation of a
semi-metallic, still molecular, phase at around 350GPaand below 100K. They employed both optical
probes and direct electric measurementstinsa,. DAC. Although they first announced these results in
2017 afinal accepted paper appeared only two years later [4]. Finally in 2020 Paris’s group[5] reported
results of a special geometry toreidal DAC with,Synchrotron radiation. They could measure the
Infrared (IR) absorption profile in a wide,range of pressure and detect a full absorption at 427 GPa and
80K, interpreted as a sudden closure of the direct energy gap, a strong indication of the realization of

IH

a “good metal” state. Although sample visual inspection, reversibility of the transition upon pressure
release, and theoretical predictions suggest that this metal is still molecular, a strong experimental
evidence is still missing. In figure'l we sketch the current phase diagram with particular emphasis on
the IM region. Below 200K in phaseilll we report the transition to the semimetallic state at 350GPa[4]
as a blue-shaded area.and the later transition to the “metallic” state at425GPa[5] as a red-shaded
area. At 495GPa we also report the Harvard’s group result as a red filled area. Above 200K phase Il
transforms into a new,phase [V but not much is known about the metallic character of this new phase.
Continuous lines are well established phase boundaries. However experimental information about
crystalline structures of those phases are missing. Above the melting line (known only up to about
300GPa) fluid'hydrogen can be either molecular or atomic. First-principle simulations, both by Born-
Oppenheimer Molecular Dynamics (BOMD) and by Coupled Electron-lon Monte Carlo (CEIMC) [1, 11,
12], predictsithe existence of a weakly first order liquid-liquid transition (LLPT) between the molecular
insulating fluid and the mostly monoatomic metallic fluid below a critical temperature(~2000K). The
precise value of Tc is not known but above Tc molecular dissociation and metallization are progressive
with pressure. Experiments on fluid hydrogen are performed either by static compression with DAC
[8] orby dynamic compression with shock waves techniques [10, 9]. Metallization is detected by a
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rapid increase in reflectivity with pressure but consensus about the mechanism of metallization and
the physical conditions is still missing. In figure 1 we report DAC data from Harvard’s group[8] on
hydrogen and shock wave data on deuterium from Sandia’s group [10] and from Livermore’s group[9].
Note that shock wave experiments do not provide complete information about the thermodynamic
state, temperature need to be inferred from some model theory and can vary considerably.
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Figure 1. Hydrogen phase diagram. Several non-metallic crystal phases have been detected experimentally. The melting line is reentrant
and has been measured up to about 300GPa. Two different lines are reported, one from theory (black continuous)[6] and one from
experiment (purple) [7]. The low temperature,Phase Il is where metallization has been measured. The semimetallic state is entered at
360GPa [4] and indicated by a blue shaded area. It,persists up to 425GPa where a sudden collapse of the direct gap is detected [5]. This is
represented by the red shaded area. At 495GPa-a reflective sample has been reported [3] (represented by a dark red vertical bar). Above
melting the insulating molecular fluid has beén predicted to transform suddenly in a monoatomic conducting fluid (light blue shaded
area). Experimental observation of large reflectivity are from DAC (Zaghoo(H2))[8], from shock wave at NIF (Celliers(D2))[9] and from
shock waves at Z-pinch (Knudson (D2))[10]« BIL{points are CEIMC predictions for the Liquid-Liquid phase transition[11], squares for H2,
circles for D2.

A challenge for theory

Why does hydrogen represent a challenge for theoretical methods? The first fundamental reason in
the solid is the missing experimental information about the crystalline structure of the various phases.
The second reason is that nuclear quantum effects for hydrogen are large and very important. At lower
pressure in phasedland Il, quantum statistics of nuclei determine the orientational order [1]. At higher
pressure molecularorientation is determined by correlation but the molecular vibron at ~4000 cm-1
corresponding to ~0.5eV~6000K testifies the importance of zero-point energy and the requirement
for a non-perturbative treatment of quantum nuclei. But overall the most fundamental problem is the
lack of @ predictive theory for the electronic problem. Density Functional Theory (DFT) is the
workherse for molecules and condensed phases and has been successfully used in a large variety of
systems but, although in principle exact, in practice approximate exchange-correlation (XC)
functionals reduce DFT to a mean-field theory with well know limitations[13]. More important, DFT
misses aninternal check of the different approximations and their accuracy needs to be established
against.. more fundamental theories like Quantum Chemistry or Quantum Monte Carlo (QMC)
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methods. In hydrogen this problem is particularly serious because of the simple electronic structure
and the absence of other sources of uncertainties like pseudopotentials. Often the accuracy of DFT
approximations is established by comparing predictions with experimental results. | argue here that
in general this is not acceptable for a theory to be predictive: comparing with experiment is always
indirect and can be misleading. In the case of high-pressure hydrogen moreover experimental.data
are scattered and the request for a fundamental predictive theory is even stronger.

Crystalline structures of the various phases have been predicted by Ab-initio Random Structure Search
method (AIRSS) based on PBE approximation for phase Ill and IV [14, 15]. A plethora of structures has
been proposed that differ in enthalpy by only few meV/atom which questions the validity of the
various approximations in DFT. Some of the proposed structures for phase lll have,been later
examined by QMC [16], finding the C2/c-24 structure up to ~400GPa, the Cmca-12 structure between
~400GPa and ~700GPa and the monoatomic Cs-IV structure at higher pressure.Inclusion of nuclear
fluctuations in the harmonic approximation over the DFT-PBE ground'staté energy surface reduces
considerably the stability range of Cmca-12 structure between ~425GPaand ~450GPa, where the Cs-
IV structure becomes favored. The green triangle in figure 1 indicates this.atomic transition. But can
the inferred scenario, based on the harmonic approximation with"PBE, be considered quantitative?
We still don’t have a definite answer to this question. To go beyond the harmonic approximation, Path
Integral Molecular Dynamics (PIMD) or Monte Carlo (PIMC) can be employed where electrons are still
in their ground state (from DFT or QMC) while protons are.represented by Path Integral at finite
temperature. These methods allow to investigate temperature ef%cts like structural transitions and
melting. While First Principle Molecular Dynaimics (FPMD) with classical nuclei and DFT-PBE gives
reasonable predictions, for instance for the melting line up to 200GPa [6], inclusion of quantum nuclei
with the same DFT-PBE badly failed [17]. Predictions of other approximations, considering dispersion
interactions and providing better structuralzproperties against QMC benchmarks, together with
guantum nuclei in PIMD have been compared to the more fundamental CEIMC results where the
nuclear configurational space is sampled by PIMCybased on the electronic ground state energy by
Quantum Monte Carlo [18, 19, 20]. The main outcome of these studies is that the accuracy of a given
XC approximation in predicting structural properties not only depends on physical conditions but also
on the specific structure considereQ However, a CEIMC study of structural stability by free energy
calculations is still to be performed.

Not only structural but alse electronic properties, like band structures and optical responses, depend
on the specific XC approximation_in DFT. Being able to predict those properties without experimental
input is important{to establish the metallicity of the system and to compare with the main
experimental probe. Recently we have proposed a controlled method to compute band gaps (and in
general band/structures) from QMC energies[21, 21]. It is based on size-corrected [23] Grand-
canonical Twisted'/Averaged Boundary Conditions QMC. In ref. [21] we have demonstrated its use and
performance in computing the fundamental gap of well-known semiconductors (carbon and silicon),
while in refs. [24,25] we have extended its use to thermal crystals and disordered systems (like liquids)
and applied it.to€ompute the band gap in crystalline [24] and fluid hydrogen[25]. The main results in
the quantum-thermal crystals are: 1) the gap reduction by quantum nuclei is huge and amounts to ~
2eV confirming the importance of considering NQE in a non-perturbative fashion; 2) thermal effects
on the band gap below 200K are marginal; 3) the fundamental indirect gap for the considered
structures of phase 1l (C2/c-24 and Cmca-12) closes around 350GPa (the precise value slightly depend
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on the structure and on temperature); 4) the density of states at the Fermi level is vanishing small at
the gap closure and progressively grows with pressure pointing to the semi-metallic state
experimentally observed[4]; 5) computed direct gap values for C2/c- 24 structure fall on top of the
data of the recent synchrotron radiation experiments[5] while prediction for Cmca-12 structure are
larger by ~0.5eV; 6) we don’t observe the direct gap collapse at 425GPa experimentally reported [5]
and probably caused by a structural transition but we can exclude Cmca-12 as new structure. We
cannot exclude that the reported collapse is caused by a structural transition to an atomic phase; 7)
we found the inadequacy of the Kubo-Greenwood theory within DFT (HSE) tof reproduce the
experimental optical spectra in high pressure hydrogen.

Interesting physics is also observed in the fluid phase. We computed thé fundamental gap for
hydrogen along isotherms below and above the critical temperature of the LLPT. Below Tc we find
that gap closure is discontinuous with pressure and reflect the moleculaf dissociation behaviour: the
molecular-gapped fluid coexists with the atomic-gapless fluid. Above Tc, molecular dissociation with
pressure sets in while the gap is still open. When the gap closes, the decay of the off-diagonal single-
electron density matrix shows that the liquid enters a gapless, but still electronically localized phase:
there is a crossover between the insulating and the metallic liquids.

Conclusions and perspectives

We have briefly described the present knowledge of hydrogen metallization from experiments and
theory both in the low temperature solid and in the fluid phase. Wghave emphasized the importance
of having a predictive theory like QMC, variational in character hence improvable and not based on
experimental inputs, and of a thoughtful comparisonwith experiments. Our theory is still affected by
systematic effects like metastabilities in sampling the nuclear configurational space, nuclear finite size
effects and finally the variational character'ofithe electronic QMC solution (fermion sign problem).
However all these effects can be systematicallyinvestigated and improved with enough computational
resources in the future.

An important still missing methodology is about computing optical spectra. The most commonly used
one is based on the Kubo-Green\wood formalism with Kohn-Sham orbitals (from some DFT
approximation). However results are strongly affected by the choice of the XC functional and remain
qualitative. We found that this pfocedure is not satisfactory in hydrogen, even after correcting for the
band gap error. A more controlled and improvable procedure is highly desirable in view of the
relevance of optical propertiesiin.connection with experiments.

Finally our present theoretical framework is entirely based on the adiabatic approximation of
separating nuclear and. electronic problems. However when the electronic gap becomes comparable
or smaller than the nuclear vibrational energy one may wonder whether this separation is still
effective.
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Status

The properties of materials are closely linked to their underlying crystal structure; the arrangement of
the constituent atoms in the crystal lattice. Experimentally, the crystal structure of materials can be
determined using X-ray diffraction (XRD) based on the pioneering work of Bragg and Laue more than
a century ago. However, theoretical crystal structure prediction (CSP), the task of solving the crystal
structure given solely the chemical composition, has only become possible within\the last few decades
with the development of advanced CSP algorithms! (see Figure 1). Steh CSP methods play a key role
in computational design of room temperature superconductors, since the:knowledge of the atomic
structure is a prerequisite for any ab-initio property calculations. Inyparticular for the current target
materials class for high-temperature superconductivity,/ namely “high-pressure hydrogen-rich
materials, reliable CSP and property predictions prior to resource-intensive synthesis using diamond
anvil cells (DAC) is invaluable (see Figure 1). Further, light'elements like hydrogen scatter X-rays only
weakly, rendering solving the structure from XRD especially challefiging, and CSP is at times the only
possible way to identify the locations of the protons. In fact, the discovery of superconducting hydrides
such as SHs (T, of 203 K?) and LaH1o (T of 250 K3) are.based on the theoretical predictions using CSP*°
that have been able to accurately guide the experimental efforts towards the target systems.

At its core, CSP algorithms aim at solving'aiglobal optimization problem, namely identifying the global
minimum of a potential energy or enthalpy surface (PES) spanned by the coordinates of the atomic
positions and the lattice vectors. The number of pessible configurations on this high-dimensional PES
is immense and grows exponentially with the number of degrees of freedom. Most CSP methods
operate on a transformed PES, wheére every configuration is first relaxed to its nearest local minimum,
thereby reducing the complexity ofithe PES. But even then, CSP remains a NP-hard problem that is
difficult to solve. Most CSP met%ds aim at finding the ground state by either generating a
thermodynamic distribution, e.g4 like simulated annealing and basin hopping, or by sampling the low-
lying part of the PES as quickly as possible, e.g., using genetic algorithms, particle swarm optimization,
or the minima hopping.method®.
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Figure 1. The histograms show the approximate number of publications on hydrides and CSP methods per decade (scale on the left y-
axis). The rapid increase in the number of publications in these two fields was fuelled by Asheroft’s prediction of high-T. superconductors
through chemical pre-compression of hydrogen in 2004, and the development of‘reliable CS’ methods based on DFT. The blue and green
points represent mile-stones in the discovery of conventional and cuprate superconductors, respectively (scale on the right y-axis with
some key reference temperatures). The recent rush for hydrides started at the dawn of the 2000s and led to the prediction of various
high-pressure hydride superconductors through CSP calculations, and their subsequent synthesis in DACs. In fact, all (super) hydrides
(blue circles with center dot in the top right corner) with exception of C-H-S'were first discovered through CSP methods.

Current and Future Challenges

Despite the triumphant successes and the central role of CSP methods in predicting high-temperature
hydride superconductors, major challenges remainito be addressed. Currently, nearly all of the space
of binary hydrides has been screened, and efforts have been shifting towards exploring more complex
chemistries. Predictions and experimentalhsynthesis of ternary and higher-order hydrides are
emerging, as illustrated by the chnt report on carbonaceous sulfur hydride and its room-
temperature superconductivity®. The combinatorial explosion in complexity when tackling such
extended chemistries significantly increases the computational cost. E.g., while s = 755 distinct
stoichiometries are possible with-a50-atom cell in a binary system, s exceeds 20,000 in a single ternary
phase-space. Hence, arcareful presselection of stoichiometric sub-spaces based on chemical intuition
is called for to keep CSP tractable, or the development of advanced methods to accelerate PES
evaluations.

Further, the predictions of a CSP method are only as good as the accuracy of the underlying model of
the PES: reliable schemes to represent a PES are based on (approximate) solutions of the many-body
Schrodinger-equation: The most popular approaches rely on density functional theory (DFT) within
the Born-Oppenheimer approximation at 0 K, in conjunction with a flavor of a generalized-gradient
exchange-correlation functional. Especially for hydrogen-rich materials, however, the local minima on
such PES have been demonstratively shown to provide an inaccurate description of the system: the
quantum-nuclear motion of the light elements become increasingly important to correctly rank the
energies of the local minima on the PES, their respective transition pressures, and dynamical stability.
Including the zero-point energy (ZPE) or entropic contributions to the free energy from harmonic
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lattice vibrations give a first-order correction for finite-temperature energetics, but strong anharmonic

effects

can further affect the phase stability of hydrides’. Unfortunately, including such energy

contributions in CSP on-the-fly is computationally extremely challenging and beyond the currently

available computational capabilities.
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Figure 2. A schematic illustration of a feed-forward artificial neural network (NN) potential. Acommon approach is to map the Cartesian

coordinates of the N atoms in a system to vectorial environment descriptors, such asthe Behler-type symmetry functions, which are then

fed into atomic NNs. The output of those NN, the atomic energies Ej, sum up to the total energy. E:o: of the given configuration. Such NN

potentials can be trained on DFT reference data and reproduce the ab-initio PES‘with high accuracy at reduced computational cost.

Advances in Science and Technology to Meet Challenges

4
The emerging field of artificial intelligence (Al) and machine learning (ML) show promise to alleviate

some of the core challenges in CSP. We identify three distinct areas where ML can actively contribute

to accelerate CSP efforts for predicting novel hydride superconductors:

(a)

(b)

ML can significantly accelerate CSP with modelsto accurately reproduce the ab-initio PES of
complex chemical systems. Such atomic. ML-potentials, e.g., based on artificial neural
networks (see Figure 2) or Gaussian processes, have very flexible functional forms and can be
trained on accurate, but‘expensive, DFT reference data to represent them at essentially
arbitrary precision, providing total energies and their derivatives at the level of ab initio
methods at a fraction of their computational cost. The process of training ML-potentials,
including the generation: of reference data and model validation, have been recently
integrated in frameworks/to perform CSP simulations and show promise in improving their
performance for complex materials prediction®.

To further improve the accuracy of the PES representation beyond zero-temperature
predictions, ML methods are also emerging to accelerate the expensive computation of
dynamical _properties: Compressive sensing lattice dynamics (CSLD) for example employs
techniques. originally developed in signal processing for recovering sparse solutions from
incomplete/ata, and allows to extract (an)harmonic force constants with very few DFT total
energy calculations®. With CSLD, the important contributions of ZPE, vibrational free energy,
and anharmonic phonon renormalization in hydrides become accessible to allow a rapid and
accurate assessment of hundreds of candidate phases?®.

Multizobjective optimization efforts are becoming increasingly effective to identify a set of
optimal solution to several objective functions, i.e., Pareto fronts which consist of all non-
dominated solutions. Obvious choices for the target objectives are the stability (e.g.,
enthalpies from DFT calculations) and the target property (e.g., the superconducting
transition temperature). Unfortunately, the accurate assessment of T, from electron-phonon
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3 coupling is still computationally expensive, and most efforts so far have been limited to
g properties that can be computed rather quickly!!. Efficient and accurate ML-based models to
6 predict T, without the need for explicitly computing the electron-phonon coupling together
7 with crystal structure optimization will allow the screening for new superconductors with
g optimized chemistry/structure and high T. across a wide chemical and configurationalrange.
10

11 Concluding Remarks

12 Even though reliable crystal structure prediction has become feasible over the last{two decades, it
12 remains challenging for complex chemical systems with more than two distinct elements. The
15 emerging field of machine learning and artificial intelligence has the potential to assist CSP efforts by
16 reducing the computational cost of accurate PES evaluation, and by guiding multi-objective
17 optimizations. These tools will pave the road to predict complex superconducting hydrides in ternary
13 or higher-order systems that will be potentially synthesizable at lower pressures@nd/or recoverable
20 to ambient conditions.
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Status

A superconductor that works at room temperature has been a long-pursued dream of
physicists since the observation of the first superconductivity (conduction of electricity without
resistance) below 4 K in solid mercury in 1911 [1, 2]. Through the following more than one
century intensive study, the dream is now becoming true in the superconductor system of
pressure-stabilized superhydrides (e.g., LaHio [3-6]). Research activity on superhydrides is
inspired by the proposal of high superconductivity in a metallie form of element number one,
hydrogen, which is able to create a good phonon-mediated. superconductor that naturally
accommodate high Debye temperature and strong electron—phonon coupling necessary for

mediating electron pairing.
4
Research on unknown superhydrides is challenging since superhydrides are achievable

only at megabar pressure conditions where little information is known on the compositions and
crystal structures. The state-of-the-art crystal structure prediction methods come to the centre
of the stage since they have trustable;power on prediction of compositions and structures. As
such, theory has orientated major findings of best-ever known superconductors in H3S and a
class of clathrate superhydrides (e.g., YHe, YHo, and LaH10) with LaH10 holding a record high
Tc value at 250-260 K [1]. The clathrate structure was proposed for the first time in CaHs [7]
and can be viewed as metal-doped, metallic hydrogen. This structure is an ideal
superconducting hydride model in which hydrogen adopts an atomic form and contributes
majorly to the electron density of Staterdt Fermi level.

Binary hydridesshave been exhaustedly investigated by either simulations or experiments.
LaHio0 remains as the dest.superconducting example up to date. To search further for a room-
temperature superconductor, térnary or quaternary superhydrides are promising candidates as
we have already.demonstrated by designing a ternary clathrate Li2MgH 16 superconductor that
can be regardedas a “hot”” superconductor with a theoretical 7. value reaching 470 K at 250
GPa [8]. Recent experiment did measure a high 7c value at 288 K in the C—S—H system [9]
though compositionand structure information are missing. As the number of elements
increases the number of conceivable superconducting structures grows rapidly, bringing
ternary_or. quaternary superhydrides to be better hunting ground for room-temperature
superconductors.

Current.and Future Challenges
A high Tt superconductor found in superhydrides has to take advantage of the peculiar
vole of hydrogen played for promoting the superconductivity. A necessary condition for high
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superconductivity is to have a large hydrogen-derived density of state at Fermi level [2] but
this is not easily achieved. Two hydrogen atoms are so happy to stay together for a H> molecule
by formation of a sigma bond. Such a bonding will inevitably lower a major portion of
hydrogen electrons in energy down far below Fermi energy, leading to a less hydrogen
populated Fermi surface. This is true for most of superhydrides studied thus far that contain a
rich amount of H2 units (or other molecular units) in the lattice where the superconductivity is
either not reported or reported in a low 7¢ value [2]. “hydrogen atomization” is a useful strategy
to bring hydrogen electrons back to the Fermi surface, where the hydrogen atoms share their
electrons like a metal, rather than forming a H2 molecule. To achieve this, the sigma bend of a
H2 molecule is broken via the acceptance of extra electrons in the antibonding state. Such
“hydrogen atomization” behaviors have been well demonstrated in the ¢ases of ¢lathrate CaHs
and LioMgH 16 [7,8]. On the way to a room temperature superconductoer among multi-elements
hydrides at strong compression, the big research issue here is on how to stabilize a superhydride
that contains as much as possible hydrogen but without having any H2 molecule in the lattice.
Theory here must play a critical role for such an elaborate design thatcould shed light on future
research direction for experimental exploration.

Comparing with the binary system, there is exponentiallyrincreased number of possible
structures in ternary and quaternary systems. For .a theoretical design of high Tt
superconductors in multi-elements superhydrides, one also has to deal with a challenging issue
on computation of a vast number of structures during the structure searching simulations in
order to locate the globally stable structures Computational cost will be extremely high if
geometric optimization and total energies of all the.target structures are computed by using ab
initio methods. Apparently, there is a desire on the development of highly efficient method on
total energy calculations in an effort to accelerate the structure searches.

Advances in Science and Technology to Meet Challenges

The era of theory-orientated hunt for high-temperature superconductors in superhydrides
comes together with the development of the state-of-the-art structure prediction techniques [2].
Given the information of chemical,compositions, structure-searching methods combined with
ab initio calculations, without having any prior information about the arrangement of atoms,
can precisely identify the thermodynamically stable structures of materials [2]. Besides the
above-mentioned theory-orientated findings of H3S and a class of clathrate superconductors
(e.g., LaH10), ab initio'structure search also directed the finding of anti-Wilson transition: a
good metal of sodium becomes a transparent insulator at megabar pressures, violating the
wisdom of traditional Wilson transition [10]. Thanks to the rapid development of these crystal-
structure searching methods, design of room-temperature superconductor in multi-elements
superhydrides having hydrogen atomization in the structure becomes feasible.

Machine learning potential can be used to evaluate total energy of the structure at a rather
low cost [10]. The combination of structure-searching method with machine learning potential
in an on-the=fly manner could efficiently accelerate the structure prediction of ternary,
quaternary, and even more complex systems, making the design of high-temperature
superconductors in multi-elements systems possible.

Concluding Remarks
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2

3 In summary, multi-elements (e.g., ternary and quaternary, etc) superhydrides are

g promising candidates for hunting room-temperature superconductors, as inspired by the

6 prediction of a “hot” superconductor in a clathrate LioMgHi6 [8] and observation of a near

7 room-temperature C—S—H superconductor [9]. We argue that a deliberate stablization, of

g superhydride structure with a full hydrogen atomization at high pressure is a nécessary

10 condition for a room-temperature superconductor. We warn that ab initio structure searching

11 simulations in ternary or quaternary superhydrides are challenging due to the extremely high

:g computational cost on the geometric optimization and the evaluation of total ‘energies of the

14 vast number of structures. The combination of structure-searching method with machine

15 learning potential in an on-the-fly manner is a useful scheme to accelerate,the structure

1? searching simulations for fast screening the structures in order to locate the thermodynamically

18 stable superconducting structure. One may anticipate that room-temperature superconductor

19 will be captured soon in pressure-stablized superhydrides. ~
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10. Ab initio structure prediction accelerated with machine learning
interatomic potentials
Aleksey N. Kolmogorov, Binghamton University, NY, USA.

Status

Structure prediction methods developed over the past two-three decades are reshapingithe process
of materials discovery. The methodology is now widely used to screen largé spaces of atomic
configurations and compositions for new synthesizable materials using little to no structural input [1].
Identification of thermodynamically stable phases with brand-new structure prototypes is particularly
important in the search for materials with fundamentally different properties, asillustrated by recent
discoveries of superconductors with record-breaking critical temperatures under highqressures.
Unconstrained optimization algorithms capable of constructing ground_state,configurations 'from
scratch' rely on a variety of strategies: basin-hopping efficiently maps/ocal minima, particle swarm
optimization navigates the energy landscape with crowd intelligence; random searching samples the
space in an unbiased fashion, evolutionary engine optimizes structure popdlations by propagating
beneficial traits, etc. Nevertheless, ab initio identification of crystalline ground states with 20-30
atoms per unit cell at a single composition may still take tens_ or hundreds©f thousands CPU hours.
An increasingly popular approach to speeding up unconstrained optimization involves introduction of
certain constraints and biases. The use of lattice vectors,.symmetry, or seeds in the form of known
structures has been shown to reduce the computational cost of lgcating complex global minima by
orders of magnitude [2]. The effectiveness can also be improved by simultaneous optimization of
structures across a range of compositions or sizes. However, the 'No Free Lunch' theorem necessitates
finding a balance between preferentially steering the search toward symmetric or natural motifs and
adequately sampling less promising configurations.

An independent route to accelerating structure prediction centers on the use of computationally
inexpensive interatomic potentials to select viable candidate structures for further examination with
more accurate methods. The strategy.has been used since the early days of structure prediction but
its success has been limited by the traditional models' poor transferability. Efforts to improve the
reliability of classical description include the development of 'learn-on-the-fly' protocols [3] to re-fit
potentials during the exploration of the/configurational space and the introduction of machine
learning (ML) frameworks to describe wider ranges of configurations [4]. The following discussion
focuses on the progress.and prospect'of using ML interatomic potentials (MLIPs) in crystal structure
prediction (Fig. 1).
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Figure 1. A workflow example of structure prediction accelerated with a machine learning interatomic potential (MLIP) [2]. Precursive
data includes (a) optional user-defined sets of common structures and (b) configurations generated with:density functional theory
(DFT)-based evolutionary sampling. Iterative MLIP construction comprises (c) MLIP training on all available DFfsdata and (d) MLIP-based
evolutionary data generation. MLIP application involves (e) structure space exploration with the MLIP and (f) examination of MLIP

minima with DFT. The process outputs (h) final MLIP and (g) DFT ground state structure(s). Optional steps are shown with dashed

arrows.

Current and Future Challenges

Development of transferable MLIPs departs from the common practice of casting the physics of
particular interactions into rigid functional forms. Instead, many-body effects are captured by
leveraging the interpolation power of general-purpose flexible'ML architectures. Extensive research
has shown that accurate approximation of density functional theary (DFT) potential energy surfaces
(PES) is possible with diverse ML techniques, from linear rnegression and Gaussian processes to (deep)
neural networks, provided that atomic structures are properly sampled and parsed [4-12].
Representation of atomic environments. Conversion of relevant structural information into ML-
compatible input is the foundation of Mlsmodel design. Considering that standard ML frameworks
expect a constant number of input variables)first models developed in the late 1990s and early 2000s
were restricted to systems with either a fixed size or a certain morphology. In 2007, Behler and
Parrinello [4] introduced the firstysuccessful descriptor that represented arbitrary atomic
environments with tunable sets of Symmetry functions invariant to translation, rotation, and identical
atom swap. Alternative approaches developed in recent years, such as the smooth overlap of atomic
positions, moment tensors, atomic cluster expansion, and many others, provide a number of options
for finding a desired trade-off between accuracy and speed [5,6]. The most recent analysis of
representation compléteness hasyrevealed remaining deficiencies of many existing descriptors and
the need for new practical solutions [6].

Generation of reference data. Given the ML frameworks' notoriously poor function as extrapolators,
careful mapping ‘f relevant regions of the configuration space is another critical step in the
development of MLIPs. Common data generation strategies include selection of snapshots along
molecular dynamics trajectories, randomization of common (meta)stable structures, and inclusion of
custom geometries. Sets of physically meaningful configurations produced with these approaches
have been usedo develop MLIPs for various simulation types. At the same time, it has been
recognizedithat generation of unfamiliar diverse configurations appearing in global structure searches
requires thedntroduction of unsupervised iterative schemes, e.g., the evolutionary sampling [7,8], ab
initioorandom structure searching [9], and others listed in Ref. [2]. Nevertheless, artificial stabilization
of non-sampled unphysical motifs may occur even after several data generation and MLIP
(re)parametrization cycles.
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Advances in Science and Technology to Meet Challenges

The abundance of recent successful ML designs and implementations has not yet translated into a
large-scale use of MLIPs in crystal structure prediction. In fact, only a handful of thermodynamically
stable materials have been identified with the help of MLIPs so far [2,11]. Further effort to.tune and
automate the MLIP construction is needed to make the methodology a vital part of the materials
discovery process.

Optimization of MLIP-assisted prediction Computational cost of generating DFT reférence data and
fitting the PES should be carefully balanced against the expense of exploring structure spaces,with the
MLIP and examining select candidates with DFT. For typical crystalline alloys, a one-time investment
into building an accurate MLIP is comparable to the cost of running thorough DFT-based:searches at
a single composition [2]. For systems with complex PES, checking viable structures with DFT during the
search [2] or refitting MLIPs on-the-fly can significantly reduce the cost of structure selection and local
optimization [10]. Overall, the MLIP utilization in the exploration of multicomponent chemical systems
is expected to accelerate ab initio structure prediction by at least an order of magnitude.
Automation of MLIP development Construction of classical interatomic potentials has traditionally
involved a considerable manual effort and presented a high barrierito entry for new users. Recent
introduction of the GAP-RSS framework [9], ML extension to/USPEX [10], MAISE-NET wrapper [2], and
other platforms has made it possible to streamline all stages of the MLIP generation, validation, and
application. Comparison of the implemented algorithms‘across materials classes will help improve the
ML performance and reduce user supervision. y
Data and model sharing Open access to the‘referencel data’and developed MLIPs will also help
establish the best data generation ‘protocols and MLIP architectures. LAMMPS
(https://lammps.sandia.gov/) and OpenKIM (https://openkim.org/) are some of the popular platforms

well-suited for sharing MLIPs with standardized.formats. Since the scope of the MLIP applicability is
determined by the underlying data set, addition of specific configurations can simplify the MLIP
(re)parameterization for target applications. A systematic construction of MLIPs for compounds, for
instance, can be performed from the bottom up using the stratified training approach [2,8].

Concluding Remarks N

The practice of accelerating ab initio-structure prediction with inexpensive classical interatomic
potentials is experiencing a renaissance due to the recent development of ML modeling methods. The
growing number of benchmark studies and proof-of-principle predictions demonstrate that the use of
MLIPs can speed up theiidentification of crystal structure ground states by order(s) of magnitude. With
further community-wide effort to test, optimize, and automate computational frameworks for MLIP-
assisted structure_prediction, the methodology holds great promise to boost the rate of materials
discovery.
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2 11. Searching for high-temperature superconductors at normal pressure
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14

15 Status

16

17 Search for novel superconductors, aiming at room-temperature superconductivity, is an
B endeavour with a century-long history. After the groundbreaking d\iscovery of high-
20 temperature superconductivity in complex oxides, cuprates [1], with the highest recorded Tc
21 of 135 K at ambient pressure and 166 K at high pressure, the néxt milestone was achieved in
22 hydrides at megabar pressures [2], culminating in the discovery, of room-temperature
23 superconductivity in a C-S-H at pressures over 2.5 megabar [3]. Recall that while
;2’ superconductivity in high-Tc hydrides is due to well-understood electron-phonon coupling,
2% cuprates superconduct, probably, due to coupling of.electrons'with magnetic fluctuations.
27 Note also that high-Tc hydrides are unlikely to_existhat normal pressure-temperature
28 conditions. While the cuprate route is seemingly exhausted, new avenues may open up. What
;g if, instead of oxides (cuprates), one looks at fluorides/of d-elements?

31

32 Current and Future Challenges

33

34 In 2001, Grochala and Hoffman [4] highlighted,potential high-Tc superconductors in the Ag-F
22 system, based purely on chemical intuition.and simple calculations. In 2019 the silver route
37 to superconductivity got a second boost, both theoretically and experimentally [5]. Similar
38 proposals have been made for copper fluorides [6] and niobium fluorides [7]. If high-Tc
39 superconductivity will eventually be ‘discovered in a new class of compounds, such as
40 fluorides, this would be of an.enormous'interest to the community. Progress in this direction
j; depends largely on crystal structure prediction, and we want to highlight that particular care
43 with such calculations must be exercised in order to make genuinely solid progress — here we
44 illustrate this point.

45

j? For example, a monolayerof NbF, was found via data mining [8] and later predicted to have
48 electronic propetfties similar to those of cuprates [7]. Tetravalent niobium, expected in the
49 proposed /4/mmm structure, with corner-sharing NbFg octahedra, should be magnetic and,
50 being a spin-% system, should display magnetic fluctuations. However, 14/mmm-NbF, is
51 metastable.and should decompose into a mixture of NbFs and NbyFs, as can be seen in
gg calculations (Fig.1) and was mentioned in the experimental paper [9]. Moreover, using USPEX
54 package [10] we have found a lower-energy Fmm?2-NbF, structure, which has energy lower
55 than 14/mmm by 32 meV/atom. This structure is also layered, but has a completely different
56 topology and is not an analog of cuprates, decreasing hopes for superconductivity. Fmm2-
;73 NbFz contains pairs of edge-sharing NbFs octahedra, indicating a Nb-Nb bond across the
59 shared edge and pentavalent Nb atoms (four valences are used for bonding with fluorides,
60 and oné€ — with niobium), which have no local magnetic moment.
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Figure 1. Convex hull of the Nb-F system at zero pressure and zero temperature. Insets'show crystal structures of /4/mmm-
NbF4 and Fmm2-NbFa. Calculations were done using VASP code [11] with the PBE ex¢hange-comrelation functional.

Density-functional calculations (using the PBE exchange-correlation functional) show that
Fmm?2-NbF4 is an insulator with the band gap of ~0.9/eV and non-magnetic ground state
(Fig.2a), which excludes cuprate-type superconductivity. Taking electronic correlations into
account, using the DFT+U method [12] with the Coulomb'interaction parameter U=2.7 eV and
the exchange interaction parameter J=0.45 eV [13], faint hope for superconductivity
reemerges: we could stabilize the antiferromagnetic'state. Now, the band gap increases to
~1.5 eV, but other aspects of the electronic structure are‘quite similar to the pure DFT result
(Fig. 2b): the top of the valence band is formed by the doubly degenerate Nb-4d band
predominantly of 3z%-r? symmetry, well separated from the underlying states, which confirms
the 55%4d? configuration of niobium. The bottom of the conduction band is also formed by
the d-states of niobium.
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Figure 2. Total and partial density of states and band structure of Fmm2-NbFy calculated by (a) DFT and (b)
DFT+U.

Page 52 of 105



Page 53 of 105

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - JPCM-118642.R1

Journal of Physics: Condensed Matter 33 (2021) The 2021 Room-Temperature Superconductivity Roadmap

Advances in Science and Technology to Meet Challenges

Data mining-based crystal structure prediction can be dangerous, as shown above. We expect
evolutionary algorithms to perform better at finding ground-state structures, but they also
have pitfalls. All such algorithms struggle with very large structures (>100 atoms/cell.is
difficult, >200 atoms/cell usually impossible to handle with today’s algorithms), and all
(except USPEX algorithm [10]) require stoichiometry to be input and will usually miss phases
with unusual or unexpected stoichiometries. For example, recent predictions for the Cu-F
system [14] and Ag-F system [15] are incomplete for this reason. For example, recently we
have found one hitherto unknown phase C2/m-CuFs [6]. Moreover, our. brief screening of
Ag-F system using variable-composition search revealed some hitherto unknown stable
phases in Ag-F system (these results would be published in a separate publication). Therefore,
only variable-composition searches could shed light into the whole chemical space of a
particular system, and assess the chances of finding new .materials with high-Tc
superconductivity.

Concluding Remarks

Now it is clear that room-temperature superconductivity.is not a mirage — it exists [3], at least
at megabar pressures. To bring it to normal pressure, we need to search for new classes of
compounds — neither cuprates (where progress has been exhausted) nor hydrides (high-Tc
superhydrides, such as HsS and LaH1o, can only exist at high pressure). We believe that there
exists a chance for further breakthroughs in high-Tc superconductivity due to the sheer size
of the chemical space. One is inspired to lookat systems bearing similarity to superhydrides
(perhaps, carbides or borides with strong electron-phonon coupling, or compounds of lithium
or iodine — closest analogs of hydrogen) anducuprates (replacing oxygen with its closest
analogs — sulfur or fluorine, and exploring analogs of copper, various d-elements with
fluctuating spin-1/2 state). Among.such systems are fluorides of Ag, Cu, Nb, all suggested by
computational studies. Here weawanted to highlight that computational results involve many
subtleties and require care and cross-checks. The role of computations is to indicate
promising systems; the finalword, will belong, however, to experiments.
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12. Pushing the limits of structure prediction in the search for
superconducting hydrides

Chris J. Pickard, University of Cambridge
Status

Modern first principles crystal structure prediction methods were born to the hunt for room
temperature superconductivity in the dense hydrides. In 2006 Ashcroft and Hoffmann proposed [1]
silane (SiH4) as a candidate for the chemical precompression of hydrogen;=focusing on crystal
structures that were derived from chemical intuition, and the “rounding up of the usual suspects”.
The first published application, and introduction, of ab initio random structure searching (AIRSS),
uncovered more stable, but semiconducting, silane phases, pushing any expected superconductivity
to higher pressures [2]. The experimental synthesis of predicted structures in silane [3], and later,
alane (AlHs), alerted the community to the predictive power of these. emerging computational
techniques. Combined with experimental advances, and computational tools for the reliable
computation of conventional superconductivity, first pringiples. crystal® structure prediction has
played a central role in the discovery of novel superconducting hydride.compounds [4].

In time, first principles structure prediction, either random search, evolutionary, or swarm based,
has become the technique of choice for the computational discovery of candidate structures.
Increasing computational resources, and robUstness of thesmethods, have enabled the exploration
of compositional space. The predicted decomposition, of water, H,0, at terapascal pressures [5]
foreshadowed the decomposition of,hydrogen \sulphide, H,S, to form the record-breaking
superconductor HsS. The effective parallelisation ofithe search over the many active research groups
has led to a very large number of promising candidates (see Figure 1). While relatively few of them
have been experimentally realised,»the computationally directed search has culminated in the
prediction of high temperature ;Superconductivity in the rare earth hydrides [6], which was
subsequently confirmed experimentally, again breaking records.
N

The recent discovery of room temperature superconductivity in the C-S-H system at multi-megabar
pressures [7] was notydirectly led by structure prediction, and indeed, at the time of writing,
presents a challenge to our understanding. While computationally predicted high temperature
superconductivity appears to be ubiquitous, experimentally this is not the case — another challenge.
However, the opportunities are clear for further development, through the exploration of more
complex, ternary 'compounds and beyond, dynamically stabilised phases, or through the
abandonment of hydrogen entirely. The field has provided a most compelling case for computational
materials discovery, and inspires many other areas of research.
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Figure 1. Plot of superconducting transition temperature (Tc) with pressure (P) for.a.range of experimental (large dark green hexagons)

and theoretical (small light green circles) superconducting hydrides. Contours of the figure of merit, S = TC/(Tf,Mng + Pz)l/z, which
emphasises the desirability of lower pressures, are plotted. The “High Road” takes us to uncharted territory — superconductors with
transition temperatures well above room temperature@at ambient conditions. The “Low Road” leads us to new high temperature
conventional superconductors to rival to the cuprates.

Current and Future Challenges

The key scientific challenge is| the design’ and synthesis of high temperature conventional
superconductors at low, ultimatelysambient, pressures. Given the importance of pressure for the
metallisation of hydrogen, it is' far¢from clear that this will be achieved for the hydrides.
Nevertheless, the progress made highlights a clear path forward. In the short term, a more thorough
computational and experimental exploration of binary and ternary compositions will reveal the
lower pressure limit to high temperature superconductivity. The lower this pressure is the better, as
it will lead to the expansion of the experimental community, in turn permitting more detailed
experimental measurements on the superconducting state. It is likely that ambient conditions room,
or high, temperature conventional superconductivity will only be accessible if a wider range of light
elements are considered. This means much larger compositional spaces must be managed.

The key'technical challenge facing the field is the discrepancy between the number of predicted
superconducting hydrides and the number that have been synthesised, and confirmed as high
temperature superconductors. While in part this is due to the difficulty of performing the
experiments as such high pressures, it is important to be able to theoretically suggest structures
which have a high chance of being synthesised. In many cases metastable phases promise higher
transition temperatures than the stable one, which will typically exhibit a lower density of states at
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the Fermi level. But which metastable phases should be presented as viable candidates for
synthesis? There are vastly more unstable or metastable phases than stable ones, so choosing
between them is important. A theoretical understanding of the kinetically available synthetic
pathways is challenging, but central to reducing the overprediction of high temperature
superconductors. Similarly, dynamical effects on the stability and synthesisability of phases are
important.

As the field matures, a recognition of the importance of microstructure, such as grain-boundaries
and interfaces, and disorder to the superconducting properties will increase. Experimentally
synthesised phases will in many cases deviate from the ideal stoichiometry, or contain impurities.
Doping will allow the tuning of the electronic structure, and might provide/ route to the ultimate
superconducting properties, along with the combination of conventional and unconventional pairing
mechanisms. g

Advances in Science and Technology to Meet Challenges

The challenge of exploring a much larger space of chemical compasitions, and metastable phases,
can be met through technological advances in high throughout computation. Predicting the low
enthalpy structures of a given composition can be performed independently of others. In particular,
in the development of the sampling-based method of random structure searching [8] great attention
has been focused on maintaining strict parallelism. AIRSS is routingly used on thousands of compute
cores. There is no fundamental reason, beside financial and environmental cost, that structure
prediction should not scale to the millions of computer cores that are now available. The greatest
difficulty is the management of the extremely rapid rate,of data accumulation. Care is required to
ensure adequate data parallelism. How{strongra.case can be made for the importance of this search,
and what level of computational resource that.is justified? This roadmap will play an important role
in answering these questions.

Taking into account the effects of temperature, and quantum dynamics, on structure is extremely
important, but computationally very expensive. It is vital that efficient approaches are developed,
which would allow structure jprediction.to be performed above 0K, and account for quantum nuclear
effects. An approximate, approach, /which is extremely computationally efficient and can be
immediately applied to random structure searches over a range of compositions (see Figure 2), is
saddle-point AIRSS (sp=AIRSS) [9]./Guided by the observation that dynamical effects always raise the
symmetry of a structure, AIRSS computations are performed using a high degree of symmetry, which
is maintained during.the local optimisation. This means that saddle point structures can be
identified, and those that are sufficiently low in enthalpy assessed for dynamical stabilisation in a
post processing step. Configurational entropy, which may stabilise sub-stoichiometric or doped
systems, ds very difficult to treat in general. Machine learning based approaches to approximating
the energy landscape, by developing machine learning potentials, are increasingly being integrated
intorandom structure searches [10] and provide a route to tackling complex disordered supercells,
microstructdre and long timescale dynamics and kinetically driven transformations.
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Figure 2. An automated high throughput search for selected ternary hydride compositions at 200 GPa. 112 ternary convex hulls are
presented for the A-B-H compositional space: A = {Mg, Y, La, Sr, S, Yb, Th, Ca;Sc, Na, K, Ac, Ba, Zr, Rb, Ce}, B ={Li, Be, B, C, N, O, F}.
Saddle-point AIRSS is employed to focus the search on symmetric structures which may be dynamically stabilised. Ternary compounds
on or close to the convex hull can then be screened for a suitable,electronic structure before the detailed computation of T..

Concluding Remarks

Ashcroft’s dream of high temperature superconductivity in the dense hydrides has been dramatically
confirmed. A path, albeit uncertain, has been,revealed to the long-held dream of creating materials
that will superconduct at well aboa@ room temperature, and ambient pressures. This is the “High
Road” (see Figure 1). But /the “Low-Road”, a route to expanding our range of engineerable
superconducting materials at liguid nitrogen temperatures, should not be neglected. There are many
difficulties faced by the current range of ceramic high temperature superconductors, and providing
alternatives will dramatically 'accelerate technological progress towards, for example, practical
fusion power generation. Given sufficient resources, the computational scouring of composition
space is achievable. But more efficient computational approaches to the treatment of kinetics,
dynamics, and'disorder, are.desperately needed.
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13. Chemical Principles to Guide the Discovery of Evermore Complex
Superconducting Hydrides

Eva Zurek, Tiange Bi, Department of Chemistry, State University of New York at
Buffalo, Buffalo, New York 14260-3000, United States

Status

The search for high-temperature superconductivity in high-pressure hydrides is a‘rémarkable success
story born from synergy between experiment and theory. Ever since Ashcroft predicted that the
addition of a second element to hydrogen can decrease its metallization pressure via “chemical pre-
compression” whilst retaining all of the good properties required for supereonductivity [1], first-
principles studies employing crystal structure prediction (CSP) methods to explore, the potential
energy landscape [2] have been used to search for the most promisingscandidates at pressures
attainable in diamond anvil cells. Within a decade, the preferred stoichiometries of most binary
hydrides, their emergent structures, and propensity for superconductivity have been studied by
theory [3].

Figure 1 illustrates the maximum superconducting critical temperatures,7cs, for the binary hydrides
estimated under the assumption that they behave as conventional, or BCS, superconductors. Two
regions of the periodic table stand out as being the most. promising in terms of high T. values. The
first consists of electropositive alkaline metals or rare’earth metals, and the second a handful of p-
block elements. Remarkably, members of both classes of superconducting hydrides have been
synthesized at around the same time they wére studied theoretically, with the first examples being
HsS (T. = 203 K near 150 GPa) [4] and LaH1o (T = 250-260 K near 200 GPa) [5,6].

The chemical properties of these two classes of superconducting hydrides turn out to be unique.
Electropositive elements do not form covalent bonds with hydrogen or with each other, but rather
they donate their electrons to theshydrogenic sublattice, which can assume a wide variety of
structural motifs ranging from atomic, molecular, to periodic [7]. What’s more, the superconducting
properties are determined by the nature of the hydrogenic motifs. The structures assumed by the p-
block hydrides are very diffefent, being<dominated by the formation of both homonuclear and
heteronuclear covalent bonds. Evén though the zero-point motion and nuclear quantum fluctuations
affect the stability of these phases, CSP searches within the static-lattice approximation have done a
good job of pinpointing regions of chemical space to be further explored by more accurate
calculations, and inspired targets for synthesis.
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Figure 1. The periodic table coloured according to the highest T. value theoretically predicted for a binary hydride of the element. The
colour scheme, in Kelvin, is provided in the inset. The H. mole fraction in the hydride with tﬁe highest T is represented by the colour
outlining the chemical symbol.

Current and Future Challenges

The next step is the exploration of the chemical, landscape of evermore complex hydrides as a
function of composition and pressure. Thenincreased combinatorial possibilities tantalize at the
prospect of achieving even higher T. values, and finding ways to kinetically trap promising phases to
pressures where they may be uséful in real-life applications. At the same time, the chemical space
becomes dauntingly vast — the 83 elements that are heavier than hydrogen, but are not significantly
radioactive, yield 6723 ternary and 5.5 x»10° quaternary hydride combinations. Moreover, the
stoichiometry can be varied, and\metastable species must be considered. With this in mind,
chemical concepts need tof be developed to guide the choice of elements and their relative
proportions.

The results of first-principles based CSP searches are beginning to shape our chemical intuition on
the types of structures that.may prove to be stable under pressure, and their superconducting
properties. Here, we summarize the results for four different classes of ternary hydrides. (i) When
multiple electropositive elements are combined with an excess of hydrogen, they tend to form
structural motifs similar to those found in the binary hydrides, but there is potential for greater
structuralévariety. For'example, the clathrate cage present in the predicted high T. Li.MgHis phase
differs from those present in any of the binary hydrides [8]. (ii) Combining hydrogen with two p-
blockselements deads to structural diversity that is composition dependent. Computations have
predicted that C-S-H ternaries can exist as molecular crystals, as well as 1 or 2-dimensional p-block
lattices. whose dangling bonds are capped by hydrogen atoms. Many of these structures adopt
classic bonding schemes, and they are unlikely to be good superconductors. Instead, the best
superconducting candidates turn out to be derived from the parent binary: various high T. CSH7;
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phases can be made by removing one set of interpenetrating lattices within HsS and replacing it by
CH4 molecules (Figure 2a,b) [9, 10]. (iii) Combining electropositive and p-block elements with
hydrogen often yields a stable product where the first two of these elements undergo bond
formation, and the resulting lattice is interspersed with H, molecules. Such compounds are, not
conducive towards superconductivity. However, metastable species related to the parentsbinaries
may be: the superconducting CaSH; phase in Figure 2c contains 2D sheets with the same type of
bonding found in HsS [11]. (iv) Doping a superconductor can shift the Fermi level so it lies on/a
maximum in the density of states, thereby increasing T, [12].

(a) Im3m H,S (b) Pnma CSH, (c) P6m2 GaSH,

Figure 2. Superconducting high-pressure hydride phases that contain H-S lattices: (a) HsS, (b) CSH5, and (c) CaSHs.
Sulfur/hydrogen/carbon/calcium atoms are colored yellow/blue/brown/green. Adapted with permission from J. Phys. Chem. C. 2021 [2].
Copyright (2020) American Chemical Society.

Advances in Science and Technology to Meet Challenges

Above we summarized some chemical principles discovered by analysing the results of theoretical
studies on multi-component hydrides nthat could limit the search space when designing
superconductors in silico. However, because computational studies on ternary and quaternary
hydrides are in their infancy, many:chémical trends are still unknown. Therefore, theoretical
explorations into unchartered chemical territory are of utmost importance to further develop our
chemical intuition under/pressure. Déeveloping a better understanding of the relationship between
metastability and synthesizability, as well as the influence of quantum fluctuations on structural
properties and stability will be instrumental in helping theoreticians decide which compounds
should be chosendfor further scrutiny. Moreover, the discovery of easy-to-compute descriptors for
high T, will help'to focus,theoretical efforts. Recent advances in CSP methods have made it possible
for researchers to predict the ,thermodynamically stable, and important metastable phases of multi-
component.hydrides containing up to ~125 atoms [2]. However, future algorithmic advances are
required so these, methods can be applied concurrently to a wide range of stoichiometries. For
example, custom made machine-learned interatomic potentials, which speed up energy evaluations
and geometry minimizations, could be used in conjunction with CSP algorithms to generate phase
diagrams. Moreover, quickly attainable T. descriptors could be combined with thermodynamic
qguantitiesrto determine fitness in multi-objective optimizations. Finally, automated workflows that
can.be used to analyse the large amount of data generated in CSP searches are also desired.
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Concluding Remarks

Less than 20 years after Ashcroft dared to dream about high temperature superconductivity in
hydrides compressed to centre-of-the-earth pressures, a number of them have been synthesized
and their properties have been measured. Ternaries and quaternaries tempt with the prospect of
metastability at lower pressures, but their chemical space is so vast that principles guiding the
combinations that should be explored are urgently needed. Though the results of existing theoretical
studies provide some chemical intuition, future technological advances are requiredsto fill gaps in
our knowledge. Speeding up CSP searches by merging them with custom interatomic potentials
would increase the range of stoichiometries that could be explored,” and developing
superconductivity descriptors would aid in deciding which structures tofsingle out:for further
analysis. Moreover, the potential for the formation of metastable species, and the synthetic routes
that may be used to access them, needs to be better understood. g
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14. Ab initio Eliashberg calculations
Ryotaro Arita, Department of Applied Physics, University of Tokyo
RIKEN Center for Emergent Matter Science

Status

The Eliashberg theory is a many-body perturbation approach to superconductivity [1]. Based on the
Green's function formalism, we consider the attractive interaction originatingfrom the electron-
phonon coupling and the screened Coulomb repulsion. While the Eliashberg theory. provides,a
fundamental scheme for first-principles calculation of superconductors, its numerical costiis quite
expensive. Thus, one has introduced several approximations and simplifications. To. evaluate the
superconducting transition temperature (T.), McMillan, Allen, and Dynes derived a useful formula with
the following three parameters: The logarithmic averaged phonon frequency;. the electron-phonon
coupling constant, and the pseudo-Coulomb potential. We can evaluate the first two parameters from
first principles accurately with a calculation based on density-functional perturbation theory. On the
other hand, the pseudo-Coulomb potential is usually treated as an adjustablesparameter for which a
value of ~0.1 is used. This McMillan-Allen-Dynes formula has‘been used to search for phonon-
mediated superconductors having high Ts. Indeed, variousthigh-Texhydrogen compounds under
extremely high pressures have been predicted and discovered. Whenia new superconductor (such as
the iron-based superconductor) is discovered, this formula-has been used to discuss whether it is a
conventional or unconventional superconductor. .

More recently, there have been many developments to solve the Eliashberg equation from first
principles [1]. One can now consider the! wavenumber-dependence of the electron-phonon
interactions and the gap function without taking their averages on the Fermi surface [2]. Many
methods to treat the retardation effect from first principles have also been developed, where we no
longer have to introduce the empirical pseudo Coulomb potential [3]. One can even consider the
effects of anharmonic phonons and the zero-point motion of atoms, and successfully reproduce the
pressure dependence of the experimental T. of H3S and LaHio (Fig. 1) [4].

While the Eliashberg theory was originallyformulated for phonon-mediated superconductors, one can
extend the scheme to study unconventional superconductors. To design and predict unconventional
room-temperature superconductorsyextension of the current ab initio Eliashberg approach is crucially
important.
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Figure 1. Experimental superconducting transition temperature (open circle.and star) compared with theoretical values calculated by ab

initio Eliashberg calculation (solid square).

Current and Future Challenges

So far, non-empirical calculation of high-temperature superconductivity has been successfully
performed for hydrogen compounds such as H3S and LaHip under high pressure. While most of the
predictions have focused on two-element (binary) compounds, researchers are now moving into the
uncharted territory of three-element (ternary) hydrides, for which predictions will become harder
[1,5]. Very recently, Snider et al.\reported that a carbonaceous sulfur hydride exhibits room
temperature superconductivity (7.~290K) [6]. While the crystal structure of this compound is yet to
be clarified, ab initio Eliashberg calculation suggests that T. in carbon doped HsS is not as high as 290K
[7].

Another significant/research challenge is developing a new ab initio Eliashberg approach for
unconventional sduperconductors mediated by a variety of bosons other than phonon. As for charge
fluctuations, the plasmon=mechanism has been studied extensively. By considering the frequency
dependence of thé screened»Coulomb interaction, it has been shown that T. can be dramatically
enhanced [8]»The role of low energy plasmon is of great interest since it gives strong electron-plasmon
coupling. Higher plasmon energy, i.e., on the electronic energy scale (which is normally the case) leads
to a breakdown of Migdal's theorem, and the exploration of the next-order diagrams is of great
fundamental. importance in the context of the current state of the art Eliashberg theory of
superconductivity. Another intriguing possibility is the exciton mechanism, for which the interplay
with phonon is an issue of a long history.
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First-principles calculation for spin-fluctuation-mediated superconductivity is also a big challenge.
Recently, active efforts have been made to describe superconductivity in iron-based superconductors
[9]. For iron-based superconductors, there has been a theoretical proposal that not only spin
fluctuations but also orbital fluctuations play a crucial role [10]. Thus, another big research issueiis to
develop ab initio methods for orbital-fluctuation-mediated superconductivity (Fig. 2).

The problem becomes further challenging when the normal metallic phase associated with the
superconducting transition is not a simple Fermi liquid. For example, an ab initio description of
superconductivity near the Mott insulating phase is very difficult. In this case, the/oermal metallic
phase cannot be described by the conventional approach, such as the local density approximation.
One possible approach is to combine first-principles calculation with non-perturbative many-body
methods. There, we often derive a low-energy effective model from first principles [11]..However, it
is another highly non-trivial problem to derive such an effective model without ambiguity, especially
when the low-energy bands are heavily entangled with high energy bands. o
Advances in Science and Technology to Meet Challenges

Regarding ab initio prediction of room-temperature superconductivity in,hydrogen compounds,
theorists must figure out how to retain their high T.'s at lower pressures or ambient pressure. To
achieve this ultimate goal, it is critically important to investigate materials with more than three
elements. For such materials, there will be a huge number of possible structures, and the number of
ways that each material can decompose will be greater. Recent developments in the structure
prediction methods will help to overcome this problem. y

Another problem of ab initio calculation for hydregen compounds is that its numerical cost is generally
very expensive. Many hydrides having high T have a zeolite-like cage structure, whose unit cell
generally contains many atoms. Progress in the development of numerical techniques reducing the
size of matrices in the Eliashberg equation willkmake the calculation more efficient.

Recently, based on the Eliashberg calculation, a new exchange correlation functional for density
functional theory for superconducters (SCDFT) has been constructed (see the section by Sanna and
Gross). While the numerical cost of SCDFT is generally less expensive than that of ab initio Eliashberg
approach, the progress in the ab(initio Eliashberg method will certainly lead to further progress in
SCDFT. ~N

To investigate the possibility/of unconventional room-temperature superconductivity, we need to go
beyond the present ab initio Eliashberg approach and formulate a non-perturbative scheme. In this
direction, the ultimate goal is to establish an unbiased method that does not depend on any a priori
assumption on the pairing mechanism. Recently, various non-perturbative methods have been
compared and examined in a systematic and exhaustive way for the single-orbital Hubbard model [12].
It is true that electronic structure of real materials is generally more complicated and the numerical
cost will be formidably expensive than the Hubbard model. However, studies for simple models will
provide a firm ground to develop non-perturbative methods for realistic models.
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21 Figure 2. Extension of the conventional Eliashberg approach for the phonon mechanism to unconventional.mechanism mediated by

22 charge, spin, and orbital fluctuations.

23

24 Concluding Remarks

;2 The ab initio Eliashberg studies have made a great success for conventional superconductors,
27 especially for predicting high-Tc superconductivity in hydrogen compounds under high pressure.
28 Although there is still a problem of computational /cost for, systems with a large unit cell and
;g compounds containing more than three elements, the recent development of numerical methods is
31 expected to overcome this problem. The next significant 'challenge will be an ab initio prediction of
32 room-temperature superconductivity mediated by unconventional mechanisms. To achieve this
33 ultimate goal, developing non-perturbative and unbiased methods going beyond the standard
gg Eliashberg approach is crucially important.
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Status

Room temperature superconductivity is already a reality thanks to the recent discovery of a
carbonaceous sulfur hydride with a critical temperature (T,) as highmas 288K [1]. This
possibility had been anticipated by the 2015 revolutionary discovery of a superconducting
state at 203K for HsS [2], as well as the T, of around 250K observeddlater in LaH1o [3,4]. It is
an experimental fact now that hydrogen-based compounds /can be high-temperature
superconductors, a statement not generally accepted few years ago.' All of these are
compounds, however, that require pressures above 100 GPa to be synthesized and reach
such outstanding superconducting properties. The challenge for the next decade is to
reduce their synthetization pressures. The roadmap thus.is not'really about designing room
temperature superconductors, but about designing room» temperature and ambient
pressure superconductors.

Theoretical ab initio calculations will be crucial in this route:In fact, both HsS and LaHi0 had
been predicted to be good superconductors befare their exﬂerimental discovery by making
use of crystal structure predictions and caleulations of the electron-phonon coupling [5,6].
The combination of ab initio crystal structureprediction methods with first principles T,
calculations based on the electron-phonon interaction will continue guiding experimental
work into fantastic discoveries in thenfuture, also at lower pressures [7]. However, first
principles techniques need to be further developed in the near future in order to boost
discoveries, as currently they have difficulties dealing with the quantum nature of the ions,
which turns out to be crucial in‘the understanding of the structural and superconducting
properties of both H3S and LaHio [8;9]. This is not surprising due to the lightness of
hydrogen, but also, as it will be stressed below, due to the large electron-phonon
interaction present in these’‘compounds.
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Figure 1. Crystal structure stabilized by quantum effects of the high-temperature superconductor LaH1o. In the bottom panel the

phonon frequencies of this structure at 129 GPa calculated classically from the Hessian of the Born-Oppenheimer potential (harmonic
approximation) and from the Hessian of the quantum energy, which includes anharmonic terms of the potential. Negative values
represent imaginary phonon frequencies,/meaning that the'system is unstable for that mode. While the structure is unstable classically,
quantum effects stabilize it. Data taken from Ref. [9].

Current and Future Challenges

The crystal structure that yields the highest critical temperature for HsS and LaHio is
stabilized by the largesquantum fluctuations of the hydrogen atoms [8,9]. If atoms were
classical particles, these structures would not be the ground state as shown in Fig. 1. The
case of LaHio is_paradigmatic as quantum effects stabilize the high-T, and high-symmetry
Fm3m structure in a wide pressure range, decreasing the classical instability pressure by
more than 100/GPa /[9]. This means that the energy landscape in which these high-T,
superconductorsilay’'is quantum, and very different from the classical Born-Oppenheimer
energy surface (BOES). In other words, the minima of the quantum energy landscape are
different from/ those of the BOES. Consequently, the structural, vibrational, and
superconducting properties of these compounds are determined by the full anharmonic
shape of the BOES, not by its lowest-order harmonic expansion around its minimum.

This poses big challenges to the first-principles calculations of T, in these superconductors.
First, because the ground state structure needs to be determined by considering the full
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guantum energy landscape. Second, because, as a consequence, phonon energies are
subject to huge anharmonic corrections. And third, because the large ionic fluctuations may
also affect the electron-phonon interaction, for instance, questioning the standard linear
approximation. The first two points can now be addressed rather efficiently, though at a
high computational cost, with variational methods that can relax crystal structures.in the
guantum energy landscape and provide renormalized phonon frequencies [8,9]/ Whether
non-linear effects in the electron-phonon coupling, i.e. renormalization_of the electron-
phonon interaction vertices due to non-linear ionic fluctuations, are important requires:still
further work, also from a methodological point of view.

Large ionic fluctuations can thus largely affect the calculation of T,.. However, the calculation
of T, requires also a theory of superconductivity. Solving anisotropicsMigdal-Eliashberg
equations with explicit ab initio calculations of the Coulomb matrix elements seems the
most accurate approach at the moment [9]. This is true only once the above-mentioned
fluctuation effects are incorporated, at least, to the crystal structuré~and the phonon
frequencies. In fact, the most advanced superconducting theory applied to the BOES-
minimum structure will inevitably fail if the true ground state is significantly different.

Advances in Science and Technology to Meet Challenges

The main challenge to discover new high-T,. superconductors at low pressures is to perform
crystal structure searches but not in the classical BOES as it has been done up to date, but in
the quantum energy landscape. In principle, all the necessary techniques are there, as we
have several crystal structure codes available to the corr?munity as well as variational
methods, such as the stochastic self-consistent harmonic approximation, to calculate free
energies fully including the quantum nature of. the ions. However, a blind application of
crystal structure predictions with quantum and anharmonic free energies is out of the
question: the number of crystal structures.to be relaxed in the quantum landscape would be
simply too many for an ab initio approach. A simple valid alternative would be to start
guantum relaxations only for the most competitive structures found classically. This was the
approach recently followed for LaHio [9]. Another alternative, which might emerge in the
next years, could be based /on new._machine-learning interatomic potentials. These
potentials could be trained on the classical crystal structure calculations and used a
posteriori for the quantum structural relaxations. Obviously, these approaches will be
successful if these potentials are transferable and accurate enough.

The understanding ©f sthe effects of ionic fluctuations on the electron-phonon matrix
elements themselves, beyond the crystal structure and the phonon energies, is also a
question to be answered.in the next years. Although it does not need to be necessarily true,
it seems reasonable to expect that a system largely affected by anharmonic effects on its
phonon frequencies, will/ also suffer from non-linear effects on the electron-phonon
interactions:/the simple linear expansion of the wave function around the reference position
may not be sufficient. Thus far these effects have been neglected, as the electron-phonon
interaction  has "been calculated including anharmonic corrections on the phonon
frequencies and polarization vectors, but assuming a linear change of the potential with
respectr tonionic displacemets. It is true, however, that linear calculations have been
predictive ign many of these hydrogen-based compounds. New techniques that will be
developed /in the next years will clarify the relevance of these non-linear effects on the
calculations of T.
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Concluding Remarks

It has been recently remarked [9] that the classical harmonic instabilities of hydrogen-based
high-T, compounds may be related to their huge electron-phonon interaction. In fact, it has
been long argued that a large electron-phonon interaction can induce instabilities in.the
classical harmonic approximation [10]. These instabilities yield transitions to..lower
symmetry structures that reduce the density of states at the Fermi level,/ reducing
consequently T.. Quantum fluctuations are able to overcome these instabilities and keep
these high-T, structures thermodynamically stable at much lower pressures. Therefore, if
we were able to perform crystal structure searches in the quantum energy landscape, we
would probably find new high-T, compounds at much lower pressures andput experimental
colleagues on the right track for finally reaching high-temperature andrambient pressure
superconductivity.
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Status

Over the past 30 years density functional theory (DFT) has enjoyed enormeus popularity as an
accurate yet computationally feasible method for the ab initio calculation of normal-state electronic
properties. The discovery of high-temperature superconductors motivated an _extension of DFT to
superconductivity in order to predict properties such as the superconducting critical temperature (Tc)
and the gap at zero temperature [1]. Within density functional theory.for superconductors (SCDFT), a
superconducting material is fully described in terms of two quantities: the ofdinary electron density
and the superconducting order parameter. This additional densityiis determined by solving a BCS-like
gap equation, where the screened Coulomb repulsion and thesphonon=mediated attraction between
the electrons are incorporated via the exchange-correlation (xc) petentials, which are universal
functionals of the two densities. Compared to traditional many-body Eliashberg theory, SCDFT yields
two major advantages: the numerical simplicity of the gap equation; and the absence of any empirical
parameter like the Coulomb pseudopotential.

The basic Hohenberg—Kohn and Kohn—-Sham theorems of SEDFT were proved by Oliveira, Gross and
Kohn in the late 1980s. A first approximation to the xcfunctionals was derived on the basis of many-
body perturbation theory by employing.the optimized effective potential method in the exchange-
only approximation [2]. However, in addition to neglecting vertex corrections, as justified by Migdal’s
theorem, the phononic part of the functional also neglected the dressing of the electronic Green’s
function, which made it of questionable accuracy for treating phonon-mediated superconductivity.
Recently, a new functional that retains the.accuracy of Migdal’s approximation has been derived from
the parametrization of the Eliashberg self-energy for a simple Einstein phonon spectrum [3]. This
functional has enabled accuraté density.functional calculations of experimental superconducting gaps
without resorting to expensive GW calculations. For all the materials tested so far, the Tc’s and gaps
predicted by the new functional turn/out to be in excellent agreement with the experimental data,
while the numerical effortis,significantly lower than solving the full Eliashberg equations.
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Current and Future Challenges

SCDFT is presently a powerful tool, but its predictive power is limited to conventional phonon-driven
superconductors. Although this proves sufficient to describe room temperature superconductivity in
the high pressure regime, at atmospheric pressure pairing mechanisms of purely electronic origin‘are
believed to be essential for achieving high Tc (>>100K).

One mechanism of utmost importance is the spin-fluctuation mechanism, which is commonly
assumed to be responsible for high-Tc superconductivity in Fe and Cu based superconductors [4,5].
Electronic charge fluctuations, including plasmons [6] and orbital fluctuations [5],ymay also favour
superconductivity by providing additional contributions to the attractive pairing: Along these lines
there has already been some progress in the construction of a plasmoni¢ xc kernel [6] and a
preliminary functional approximation including spin-fluctuations [4].

Even though, despite many years of systematic theoretical search, no phenenic superconductor with
Tc>39K has been found, there might be situations in which the eIectron—phon?n coupling leads to
superconductivity beyond the predictive capability of conventional theory. One aspect that has been
long overlooked, especially in SCDFT, is the role of nonadiabatic effects in the dynamics of electrons
and phonons. There is indeed experimental evidence that a numberof phononic superconductors are
not described by the conventional many-body theory of'superconductivity based on Migdal’s
theorem, which breaks down when the energies of electrons and phonons are comparable. In this
regard, a generalization of the functional constructiontscheme [3] within SCDFT, by effectively
including vertex corrections to the electron-phonon self-energy;seems to be particularly appealing.
Evaluating these higher order contributions in a.direct many-body approach is in fact extremely costly
due to cumbersome Matsubara frequency summations. On‘the other hand, in SCDFT these sums can
be integrated analytically by following a procedure similar to that used in Ref. [3].

However, this approach would only involve,the electronic degrees of freedom and is expected to
increase the superconducting Tc for low Fermi velocity [7]. Nevertheless, nonadiabatic corrections
could also significantly affect the electron phonan,coupling strength and the lattice dynamics, either
stabilizing or suppressing the superconducting phase, depending on the material properties. A way to
systematically include nonadiabatic electron-phonon effects would be to use a DFT/many-body
formalism which does not depend o\nthe Born-Oppenheimer (BO) approximation.

Advances in Science and Technology to Meet Challenges

Standard DFT relies, by its verymnature, on the BO approximation: the ground-state density is
calculated from the electrostatic,potential of clamped nuclei. Since first-principles calculations of
electron-phonon coupling (used, e.g., in SCDFT and Eliashberg theory [8]) start from DFT calculations
of the electronic structure, the BO approximation is implicitly assumed. Recently, a generalized DFT
framework forthe treatment of electrons and phonons has been developed [9] starting from the exact
factorization of the electron-nuclear wave function into electronic and nuclear components [10]. The
basic electronic variablé is the exact (rather than BO) electronic density, which depends parametrically
on the set of nuclear coordinates. The equations to be solved are generalized KS equations with a
nonadiabatic_Hartree xc potential and a nuclear Schrédinger equation with a beyond-BO potential
energy surface (PES). Exact phonons are defined by the harmonic expansion of the latter equation.
Results for the Fréhlich model show that already the simplest approximation, in which nonadiabatic
contributions to the PES are added to standard BO-DFT functionals like LDA or GGA, can reproduce
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the leading-order phonon-induced band structure renormalization, including the renormalization of
the Fermi velocity (see Fig 2).

0.17 0.18 0.19 0.20
k(rt/a)

Figure 2. The Kohn-Sham band structure (orange) in exact factorization-baséd DFT. captures-the phonon-induced wiggle in

the electronic spectral function (background blue-white color scale) of the Frohlich'model with a parabolic electronic band
(dashed yellow) linearly coupled to a single Einstein phonon with energy 0:1 eV.

Extending exact factorization-based DFT to superconductivity'would establish a beyond-BO SCDFT
which would allow for (i) a seamless description of electron-phonon effects in the normal state and
(i) the inclusion of nonadiabatic effects on the superconducting side. The latter effects might be
relevant for systems like molecular superconductors or doped insulators such as Cs3Cso, BaKyBiOs and
BEDT-TTF.
An alternative way of capturing non-adiabaticity in‘the superconducting state would be to set up a
connection to the recent many-body Green’s function theory beyond the BO approximation proposed
in Ref. [11]. A first SCDFT nonadiabatie functional could be derived starting with the Eliashberg (GW)
self-energy diagram, where standard Green’s functions are replaced by nonadiabatic propagators
[11], and then following a similar procedure as in Ref. [3].

N
Concluding Remarks
SCDFT has attained a‘evel of maturity where it allows for accurate and computationally efficient
calculations of Tc’s and gap. functions of phononic superconductors. However, superconductors
displaying strong nonadiabatic effects, as well as unconventional pairing, are presently out of reach.
In our opinion, thése materials are the most promising candidates for achieving high-temperature
superconductivity at ambient pressure as they belong to a largely unexplored basin of search. Future
developments of SCDFT should thus aim at their description. With regard to nonadiabatic effects we
propose that,SCDFT, as well as the conventional theory of superconductivity, may benefit from a
change in paradigm where the starting point is a unified treatment of electrons and nuclei based on
the exact-factorization approach.
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17. Modeling superconducting properties with the Eliashberg formalism

Elena Roxana Margine, Binghamton University-SUNY, Binghamton, New. York
13902, United States of America

Status

Advances in electronic structure methods alongside developments in software packages. and
computing hardware have made it possible to model a host of complex materials properties from first
principles. In particular, the research in conventional superconductivity has come a long way from
making rough estimates of the critical temperature (T¢) to probing pairing mechanisms,and resolving
superconducting energy gaps. Nevertheless, fully ab initio prediction of superconducting properties
remains challenging, and the vast majority of investigations rely on the semi-empirical McMillan or
Allen-Dynes formulas for estimations of the critical temperature. =

A major part of the success achieved in the characterization of the superconducting state in materials
with conventional pairing can be attributed to the development of the many=body Eliashberg theory
[1], a generalization of the Bardeen—Cooper—Schrieffer microscopic theory of superconductivity. This
state-of-the-art theoretical method rests on the Green’s function formalism and gives direct access to
the frequency-dependent superconducting energy gap as a solution toa set of self-consistent coupled
diagrammatic equations for the electronic and phononic propagators. The approach has been
particularly useful for solving Eliashberg equations in the anisotropig,i.e. band and crystal momentum-
dependent, form. With the capability of naturally resolving multiple gaps on the Fermi surface (FS), it
has been used to analyze the two-gap structure innMgB, [1] and other intriguing superconductors.
The accurate anisotropic description is achievable only. with extremely dense electron and phonon
meshes to properly sample the electron-phonon (e-ph) scattering processes in the vicinity of the Fermi
surface. The development of a first-principles interpolation technique based on Wannier functions
was instrumental for overcoming this computatienal challenge [2]. The approach takes advantage of
the spatial localization of the e-ph matrix elements in the Wannier basis and enables their efficient
interpolation from a given uniform«oarseigrid to a desired arbitrary dense Brillouin zone (BZ) grid at
a significantly reduced computational cost."So far, the only open-source implementation of the
anisotropic Eliashberg formalism with'Wannier-based interpolation is available in the EPW code [3]
(https://epw-code.org/) distributed? as part of the Quantum ESPRESSO package
(https://github.com/QEE/q-e/releases). A numerical procedure based on symmetric Helmholtz Fermi-

surface harmonics (HFSH) has also been proposed as a robust approach to treat the anisotropy of the
e-ph interaction in the Eliashberg equations [4]. The basic idea is to replace BZ integrals in the k space
with inexpensive sums over a few HFSH coefficients.

While these advances havesenabled accurate modeling of the e-ph anisotropy from first principles,
the Coulomb [correlations effects in the Eliashberg equations are still treated predominantly with a
single empirical parameter u* that acts only near the Fermi level. A description of the e-ph and
electron‘electron(e-e) interactions on an equal footing will provide insight into the nature of the
superconducting state in different classes of materials.

Current and Future Challenges
Achievingrbetter quantitative agreement with experiments requires a number of theoretical and
computational challenges to be addressed.
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Ab initio treatment of the Coulomb interaction The semi-empirical treatment of the e-e interaction,
while adequate for elemental metals and systems with strong e-ph coupling, breaks down in doped
semiconductors, oxides, semimetals, and low-dimensional systems. A more comprehensive
evaluation of the Coulomb repulsion has been carried out in several recent studies but only within
simplified versions of the Eliashberg formalism, which involves incorporating either double-orsingle
FS-averaged screened Coulomb interactions evaluated within the random-phase approximation [5, 6,
7]. However, a fully ab initio e-e treatment in the anisotropic frameworksis essential when
investigating superconducting materials with reduced dimensionality and/or with multi-sheet FSs. As
an illustration, Fig. 1(a) shows that in 2H-NbS, superconductor both the momentum-resolved e-e and
e-ph interactions are highly anisotropic and exhibit hot spots on different FS sheets,[5]. Accounting
for the Coulomb effects in the anisotropic Eliashberg equations comes witha significantiincrease in
the computational workload. For instance, considering the frequency dependence of the screened
Coulomb interaction leads to a long-range behaviour in real space that will require special care to
converge with the Wannier based interpolation scheme. In addition, due to the high energy scale of
the e-e interaction, a larger number of Wannier functions will be necessary to cover this energy range.
Finally, the summation over the Matsubara frequencies now needs to extend to energies of tens to
hundreds of eV.

Inclusion of non-adiabatic and other effects The validity fof the»radiabatic approximation in the
Eliashberg theory has been questioned for several systems with small Fermi energies, such as the
recently discovered high-T. HsS and magic-angle twisted bilayer graphene superconductors. To date,
however, the importance of vertex corrections beyond the Mig?:lal approximation has only been
assessed in a few studies that have solved the non-adiabatic Eliashberg equations under certain
approximations. Solving the anisotropic Eliashberg equations in the non-adiabatic regime adds a new
level of computational complexity due to the presence,of double summations over each set of
electronic bands, crystal momenta, and Matsubara frequencies [8]. Anharmonic lattice instabilities,
zero-point and phonon renormalization corrections, plasmonic and polaronic effects, and spin
fluctuations are other key contributions thatcan be instrumental when investigating pairing
mechanisms in many classes of superconductors and are generally not accounted for when solving the
Eliashberg equations.

Improvement of computational efficLency Superconductivity calculations today are typically limited to
systems with no more than 10-20 atoms. The high computational cost prevents the study of
superconducting properties' in/ systems with chemical disorder, two-dimensional materials on
substrates, and complex heterostructures, where the e-e and e-ph interactions can be strongly
affected by defects, dopants, or.interfaces.

Advances in Science and Technology to Meet Challenges

Going beyond the/standard implementation of the Eliashberg formalism has the potential to
dramatically ‘expand the capability and efficiency of the existing methodology for modeling
superconducting properties.

First steps have “been taken to embed static and dynamic Coulomb effects, and non-adiabatic
corrections 'in.the Eliashberg framework [5-9]. Progress has been made to resolve the slow
convergence in expensive summations over Matsubara frequencies by adopting sparse sampling
algorithms. Implementation of these advanced methods in open-source packages will help understand
the importance of the effects in emerging materials classes.
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Another impactful research direction concerns addressing the shortcoming of the current density
functional theory (DFT)-based methods that cannot properly describe quasiparticle energies,
vibrational frequencies, and e-ph interactions in strongly correlated systems. For instance, standard
DFT approximations have been found to systematically underestimate the e-ph matrix elements in
superconducting oxides, such as BaixK«BiOs [10]. The recently developed GW perturbationrtheory
(GWPT) implemented in the open-source BerkeleyGW code (https://berkeleygw.org/) improves the

description of the e-ph interactions by incorporating the first-order change of the,GW self-energy to
a phonon perturbation. The GWPT method has successfully explained the doping dependence of.the
critical temperature observed experimentally in the case of BaixK«BiOs, as showhn in Fig.'d(b) [11].
Combining the GWPT approach with the Eliashberg formalism could considerably improve the
predictive power of ab initio calculations of conventional superconductivity.

Concluding Remarks o
Modeling superconducting properties has been long considered one of the most challenging problems
in materials research. Recent advances in computational methodology based on the Eliashberg
formalism represent an important milestone in moving to fully “ab. initio description of
superconductors. Looking forward, the method development work should be complemented with a
concerted effort to deploy efficient open-source software packages.easily accessible to the scientific
community. This will provide opportunities for a systematic exploration of new materials classes and

pave the way for theory-guided experimental discoveries of hew superconductors.
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Figure 1. Momentum resolved screened Coulomb interaction and e-ph interaction strength on the FS of 2H-NbS,. Reproduced with
permission from [5], Copyright 2017 by the American Physical Society. (b) Superconducting phase diagram of Ba1-«K«BiOs. Calculated Tc
with pu*=0.16 are plotted as red crossesfor GWRT and bllie dots for DFPT. Experimental data are plotted as squares, star, left-pointing
triangle, and right-pointing triangle. Reproduced with permission from [10], Copyright 2019 by the American Physical Society.
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Status

Even though superconductivity has been studied intensively for more than a céntury, the vast majority
of superconductivity research today is carried out in nearly the same manner as decades ago. That is,
each study tends to focus on only a single material or small subset of materials\and discoveries are
made more or less serendipitously. Recent increases in computing power;/novel machine learning
algorithms, and improved experimental capabilities offer new {opportunities to revolutionize
superconductor discovery. These will enable the rapid prediction of structuresand properties of novel
materials in an automated, high-throughput fashion and the efficient experimental testing of these
predictions.

High-throughput approaches to materials discovery have beenisuccessful in situations where a
well-defined figure of merit depends directly on simple descriptors available in large databases, e.g.,
thermoelectric coefficients [1]. Unlike such quantities, the criticaltemperature T. of a superconductor
depends sensitively on several derived quantities of the coupled-@lectron and phonon systems that
are not always well known. Even within the, approximate Eliashberg theory of electron-phonon
superconductivity, for example, the material-specific Eliashberg function a?F(k,k’,w) is in principle a
function of energy and momentum. While a?F can be calculated with increasingly high accuracy, the
process is still computationally expensive and therefore unsuitable for high-throughput approaches.
At the same time, machine learning techniquesthave improved dramatically, so that one can imagine
learning T, from a simpler discrete set of density functional theory (DFT) based descriptors that
parametrize the Eliashberg function and even learn corrections to the Eliashberg theory. At present,
Eliashberg codes are quite sophisticated but do not, in general, include corrections due to spin
fluctuations from d- and f-electrons, whichican suppress conventional superconductivity or enhance
unconventional superconductivity. The recent discovery of near-room temperature superconductivity
in high-pressure phases of hydridessby.following computational structure predictions illustrates the
need for machine learning @approeaches to accelerate the exploration of the energy landscape of
multinary materials. Combining these various concepts, machine learning methods have the potential
to improve the prediction of new superconducting materials dramatically.

For decades, the Allen-Dynes (AD) formula, an expression for the T, of an electron-phonon
mediated superconductor, expressed in terms of the moments of the Eliashberg function a?F that can
be extracted from(tunneling experiments, has played an essential role in guiding the search for new
superconductors'[2]. The AD formula was based on solutions to the Eliashberg equations for a few
simple models and materials:and is known to deviate strongly from empirical T.'s for high-temperature
superconductorsye.g., hydrides. In a proof of principle approach, we used the SISSO analytical machine
learning sapproach'to improve on the AD formula, training on the tiny AD dataset of 29
superconducting ‘materials and testing with newer superconducting materials [3]. Clearly, a reliable
approach requires a much larger database to learn on, as discussed below.

The .search for phonon-mediated high-temperature superconductors rests on a simple
principle, i.e., maximizing the electron-phonon coupling strength and the phonon frequencies.
Ashcroftproposed [4] dense metallic hydrogen as a candidate for high-temperature superconductivity
by noting its high Debye temperature and moderate electron-phonon coupling strength. Nearly half a
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century after Ashcroft’s initial prediction, the hydrogen-rich HsS, rather than pure hydrogen, was
found to superconduct at around 200 K under megabar pressures [5].

Machine learning has the potential to accelerate the discovery of novel superconductors, like
HsS, by reducing the computational cost of obtaining T. from first-principles calculations and
narrowing down the list of candidate materials. Using data from the SuperCon database [6], Stanewet
al. carried out machine learning studies to establish connections between the superconducting
transition temperatures and atomic properties [7]. They discovered several properties that correlate
with the superconducting transition temperatures and predicted a host of compounds as possible
high-temperature superconductors. Hutcheon et al. constructed neural network models to predict
superconductors with high T. under lower pressure than required for superhydrides thus far [8]:
Discovering novel materials by machine learning methods, both with and without coupling to first-
principles calculations, is progressing rapidly.

For a given material’s system, once thermodynamically stable [and metastable crystal
structures at various conditions are known, their physical properties, including superconductivity, can
be estimated and used to guide the experimental investigations of these materials.:Many techniques
and codes are available for predicting potentially stable phases and structural transitions, such as the
semi-local methods of minima hopping, basin hopping, and simulated annealing and the global
methods of genetic algorithms and particle swarm optimization. Chemical intuition, structure-
chemistry correlations, and data mining of open-access materials,databases can also be used to
provide starting structures to these methods. In our work, wethave utilized the Genetic Algorithm for
Structure and Phase Prediction (GASP) package [9] for exploring possible structural transitions to
clathrate-like structures at high pressures in materials containing light elements. While searching for
potential stable crystal structures at high pressures, it is essential'to also consider the stability of the
competing phases that might destabilize the stoichiometry/of the n?aterial of interest. To this end, the
GASP package can perform grand canonicalssearches, meaning it can search for stable crystal
structures over the entire composition range of interest and generate a high-pressure convex hull
diagram.

While the discovery of the high-pressure superconducting hydrides has revolutionized the
field of electron-phonon superconductivity,scientifically, it is of little practical utility unless methods
can be found to engineer materials at high pressure that remain metastable under ambient conditions.
One approach has been to search for hydrides that are superconductors at lower pressures [10].
However, the route to ambient pressure high-T. materials along this path is far from clear. One
promising approach to ambient pressure superconductors that may be used to make large scale films
is non-equilibrium growth of metastable materials on solid substrates by methods such as molecular
beam epitaxy or chemical vapor d?position, potentially assisted by laser heating. Employing high-
energy pre-mixed amorphous starting materials to reach structures and compositions that are
inaccessible by just compressing ambient-pressure crystal structures could provide synthesis routes
to novel high-pressure pphases that remain metastable at ambient conditions. Theory can assist by
predicting and characterizing metastable crystal structures to guide the choice of atomic constituents
and estimate barriers to the equilibrium phase.

Current and Future Challenges

Machine learning.and high-throughput methods work best when applied to large datasets. Given the
improvementof first-principles based predictions of T, for electron-phonon based superconductors in
recent years, onescould imagine constructing a database to enable machine learning of higher-T,
superconductors by calculating a?F and associated moments, e.g., for all 16,414 materials in the
SupérCon database. However, such a program is prohibitively expensive since each a?F calculation
typically requires O(100-1000) core-hours of computing time even for elemental superconductors
with-@modern package such as Quantum Espresso. Purely electronic descriptors like the Fermi level
density of states, N(0), are much cheaper and can enable extensions of machine learning approaches
suchras.that attempted by Stanev et al. [7]. The challenge, in this case, is to identify which purely
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electronic descriptors are important for high-T.. We are constructing a high-throughput scheme along
these lines.

Any high-throughput approach for novel superconductors requires robust structure
predictions. Genetic algorithm searches and other methods coupled to first-principles relaxations are
often limited in their prediction capabilities by the number of atoms in the supercell. As the Aumber
of atoms increases, the number of local minima in the energy landscape rises exponentially andithe
computational cost of relaxations grows polynomially. The room-temperature superconductors of
tomorrow might potentially have large unit cells and may contain more than 3 elements. The crystal
structure prediction of such superconductors can be accelerated by utilizing machine-learned
surrogate models of the energy landscape that are trained on small structures. Theseisurrogate
models can be built using a variety of choices of structure representation and model architectures,
which each offer trade-offs in spatial resolution, computational cost, and fittingicomplexity. Ideally,
surrogate models will be iteratively improved through active learning as additionaltdata becomes
available [10].

Many of the techniques used until now in search of high-temperature electron-phonon
superconducting materials may be applied to the analysis of unconventional superconductors, where
Cooper pairs form due to the exchange of electronic rather than phononic excitations. Examples of
unconventional superconducting materials are cuprates, iron-based superconductors, and heavy
fermions. Unlike electron-phonon systems, however, a unified theory of superconductivity that could
explain the variety of phenomenology shown by the<various families of unconventional
superconductors is not yet available. Approximate, often successful but uncontrolled methods
formulated based, for example, on spin fluctuation-mediated,superconductivity [11] have not been
convincingly coupled to first-principles electronic structure calculations, and therefore DFT-based
descriptors important for unconventional superconductivity are Ies’s well understood.

Advances in Science and Technology to Meet Challenges

a) Low-T, Hydrides Bimodal Ein. C) g
20 7% 179 e o’ F(w) [Data] % E
g ‘-" * 1200 4 * | 200 - Discretization = — ED'
o 10 A P, . 1 [Inputs] g
T e 1004 A 1004 A g
S £
4 1 Iy
0 s '. — 0 — 0 Y Autoencoder g
0 10 2 0 200 0 200 [Model] o
T(I:-Eliashberg (K) T(I:-Eliashberg W) TcEliashberg (K) . = ) %"
econstruction — [FE== u Q
20 71 300 —.300 e — =
b) o | A | [Outputs| =l 3,
g 10 .¢~ 4 Y <. 4)200 i Sampling Decoder  Generated o2 F(w)
o) . &?\’; rd [Inputs| / [Output]
2 7 100 100 -
= A i - | .
@ 3
T i o 0 P 0 — Xy .
0 10 20 0 200 0 200 s v §
T(];Eliashberg (K) TcEliashberg (K) T(];Eliashberg (K) X4

Figure 1. Performance comparison between the Allen-Dynes equation [2] and a model fit with symbolic regression
alongside a proposed workflow for data augmentation. a) Allen-Dynes performance on low-T¢, hydrides, and bimodal
Einstein data.Plots are shaded by the log-density of points. b) Performance of symbolic regression machine learning model.
c) Workflow for training an autoencoder neural network to learn an efficient compression of a?F. The mismatch between
the original input and'the reconstructed output, after compression and decompression, is minimized iteratively. d) The latter
half of the trained autoencoder, known as the decoder, generates new a?F(w) spectra by sampling the learned distribution.

Recently, we extended a symbolic regression approach to study a large sample of a?F’s
generated.from EPW electron-phonon calculations for 50 real materials and 5,000 artificial a’F’s of
multimodal form. The solution of the isotropic Eliashberg equation, given o?F, is relatively
inexpensive. Using the resulting dataset, which is two orders of magnitude larger than that of the
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previous work [3], we obtained a new correction for the McMillan formula that supersedes the Allen-
Dynes equation, especially for systems with higher T, [12]. Figure 1a illustrates the performance of the
AD formula on low-Tc materials such as elemental metals, hydrides such as LaHio and HsS, and the
bimodal einsteins used to augment the training dataset. The systematic underprediction of T¢ with
the AD formula is absent from predictions made with a new machine-learned equation, shownyin
Figure 1b. Moreover, we were able to determine that deviations of AD from Eliashberg theory; for
large A systems, arose primarily from the inequivalence of the a*F moments w; and Wiog.

Based on the success of augmenting the data using model systems based on multimodal
einsteins, it is clear that generative models are another promising avenue for improved machine-
learning of Tc. Figure 1c and 1d illustrate one method of generating a®F spectra using an autoencoder
neural network. Training data, including known examples of a?F, are first discretized through binning
or basis set expansion. The autoencoder learns an efficient compression of therdatasinto a lower-
dimensional “latent” space, shown here as dimensions x; and x, by iteratively minimizing the error
between the input and the reconstructed output. The trained decoder, comprised of the layers after
and including the autoencoder bottleneck, can then transform any sampled pointin'the latent space
into a a®F. Coupled with the Eliashberg equations, this approach augments.the dataset with arbitrarily-
many training samples that are qualitatively realistic compared to model systems.

Combined with high-quality databases as well as generatives.models, deep learning
approaches to learning superconductivity have become increasingly practical. The artificial neural
network offers a high degree of model flexibility and, when‘combined-with physical and chemical
insight, can learn and predict across the periodic table [13]. Moreover, recent efforts to move away
from black-box approaches have resulted in frameworks like SciNet, which can extract physics from
the data by identifying and isolating relevant physical quantities [14]. Similarly, the discovery of
empirical equations using symbolic regression [15] can been accelerated by using deep learning to
discover hidden symmetries and separate harder problems into multiple, simpler ones [16].

For unconventional superconductors, a more promising approach is to use empirical
knowledge about the normal state of systems that support unconventional superconductivity. For
example, unconventional superconductivity is often.found near phase transitions where magnetism
disappears via doping or applied pressure. Suchi“soft” magnetic states can be identified by high-
throughput DFT calculations of magnetic candidate materials (mostly metallic compounds in materials
database with transition metal ions), calculatingrhow magnetism responds to applied pressure.
Promising materials where magnetization decreases rapidly can then be synthesized and studied
further by doping and/or pressurel A more theoretically guided approach is based on a weak-coupling
scenario in which spin-excitations'provide the effective attractive interactions between electrons. In
this case, our strategy is to logk for the optimal conditions to find a large spin susceptibility peaked at
a particular momentum that could refléct in a strong pairing at this wave vector. Nesting wave vectors
on Fermi surfaces are @often proxies for such peaks and can also be searched for in high-throughput
schemes.

Concluding Remarks

We have outlined.an»approach to superconductor discovery that seeks to identify the electronic
properties of @ material that are essential for high T. via machine learning techniques. One thrust is to
develop improved equations for T, of the Allen-Dynes type capable of accounting for large-A materials
like high-pressure superconducting hydrides. We discussed the challenges of creating sufficiently
large databases of Eliashberg a?F’s using expensive electron-phonon calculations for real materials
and addressed.them by the creation of artificial a*F’s with modeling of simple physically motivated
form, and the use of autoencoders, both equally good for learning Eliashberg theory. We also
discussed future directions, including structure prediction utilizing surrogate machine learning models
of energy landscapes to inform studies of metastable materials synthesized under high pressure, and
extension of current methods to unconventional superconductors.
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19. Artificial Intelligence in the Search for New Superconductors

Valentin Stanev
Department of Materials Science and Engineering, University of Maryland, College Park,
Maryland 20742, USA

Status

Superconductors are both an arena of profound physical effects, and a class of solids with
many important applications in a variety of technological areas. Ever since their. discovery
more than a hundred years ago, these materials have been the focus of an.intense research
effort. However, the search for new superconductors remains ansimmense scientific
challenge. So far, scientists have relied almost exclusively on heuristics and individual
researchers’ intuition for this task, and nearly all major discoveries\in the field were
serendipitous. While some empirical design rules do exist, these are‘'mostly deduced from
simple elemental or binary compounds, and are of very limited, applicability. Despite the
constant evolution of ab initio methods and the exponential.growth in.computational power,
calculating properties such as the critical temperature. (Te)».for' even well-understood
conventional superconductors remains challenging and arduous task. In addition, entire
families of superconductors (e.g. cuprate and iron-based materials) are not amenable to
standard ab initio tools, for example due to strong correlations and proximity to magnetism.
Furthermore, higher T. is generally associated with more complex multicomponent materials
(see Figure 1). However, even with the help, of advanced high-throughput experimental
methods, it is impossible to exhaustively explore a synthesis space exponentially growing with
each compositional and processing parameter. Thus, novel search strategies are needed in
order to meet the growing demand for new superconductors.

Artificial Intelligence (Al), especially its subfield of Machine Learning (ML), is becoming a
common research tool, with important.applications in virtually all sciences. ML is already
making its mark on physics by providing'a robust framework for analysis of high-dimensional
experimental and computational data. While Al only just debuted as a research tool in
condensed matter physics, it.is already attracting the attention of scientists searching for new
superconductors.

Page 88 of 105



Page 89 of 105

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - JPCM-118642.R1

Journal of Physics: Condensed Matter 33 (2021) The 2021 Room-Temperature Superconductivity Roadmap

140 - —
" —_
120 - ¢
100 -
¢
o 80-
— ¢
L
~ 60-

40 - z

w8 )

1 2 3 4 5 6 7 8
Number of elements

Figure 1. Boxplot of superconducting transition temperatures T. of materials grouped by the number of elements. Growth of Tcis
associated with increase in materials complexity.

&
Current and Future Challenges

Al methods can play a significant role in every.stage of .the search for new superconductors.
Probably the most common application of these methods so far is to analyse experimental
and/or computational datasets in order to discover strong predictors of superconducting
behaviour. These predictors can then be used to'screen existing or potentially stable materials
for candidate superconductorssSeveral works:have already used this approach to create lists
of potential superconductors. For recent examples of this approach, see Refs. [1-3].

While easy to implement, the method of virtual screening of materials is fundamentally
limited by the fact it requires a s}arting list of candidates with a complete set of predictors.
An alternative, more sophisticated framework utilizes the so-called inverse design approach:
engineering a material possessing’'some predefined set of properties. Although inverse design
methods have a longrhistory in materials physics (see, for example, Ref. [4]), their recent
integration with generative models based on Deep Learning ideas makes them much more
powerful and flexible [5]. While these methods have not been used so far in the search for
new superconductors,.this. undoubtedly is only a matter of time.

Even if the theoretical search and design stage leads to a list of likely candidates, synthesizing
materials with the correct composition and structure can be challenging. In addition, chemical
substitution tplays an important role in tuning the properties of many classes of
superconductors. Thus, experimental research will remain a crucial stage and a potential
bottleneck in the search for new superconductors. Al can help significantly accelerate and
streamline this process. Condensed matter experimentalists can use Al algorithms to select
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the next best experiment to perform in order to find the shortest path toward a
superconducting material that optimizes some desired properties. This idea was explored in
Ref. [6], which presented a framework designed to discover the material with the highest T..
The framework, evaluated on about 600 known superconductors, did significantly betterthan
a method based on random guessing. The authors of this work emphasized the need.to
incorporate uncertainty estimates, especially when evaluating candidates in new:regions of
the design space.

Advances in Science and Technology to Meet Challenges

One crucial issue that can hamper the use of Al methods is the availability-of data. The study
of superconductivity is a remarkably distributed field, and every experimental and theoretical
group has its own distinct toolbox of instruments and methods. Although,sometimes even a
single study can generate enough data to require the use of sophisticate(h\/IL methods (see,
for example, Ref. [7]), typical Al studies in the field require combining many distinct datasets.
This can lead to issues with data consistency and incomplete metadata. The community has
not yet fully adopted the open data paradigm, and a significant fraction of the collected
information—especially “negative” results—are not shared. Although there is a database—
SuperCon (https://supercon.nims.go.jp/en/), curated by the Japanese National Institute of
Materials Science—containing a list of superconducting matqials and their corresponding T
extracted from published literature, most of the accumulated knowledge is still dispersed
between tens of thousands of articles. One possibleisolution is to use Natural Language
Processing (NLP) tools and other ML techniques to,algorithmically extract information from
unstructured scientific data (articles’stext, tables, figures, etc.). In a very recent example, the
authors of Ref. [8] used NLP methods to reconstruct the phase diagrams of well-known
superconducting compounds using data from published articles. They also demonstrated that
it is possible to predict the phase-transition temperatures of compounds not present in the
database.

As Al becomes a common tool in\physical research, a novel form of scientific Al is gradually
emerging. It represents a'framework for combining new computational and experimental
data with a significant body of already existing knowledge in the form of physical laws,
theoretical hypotheses, and. empirical rules. In the first work of this kind in the field of
superconductivity, researchers used ML to select low-dimensional descriptors and a simple
analytical expression.to improve the Allen-Dynes formula for predicting the T of electron-
phonon paired superconductors [9]. Further extending the scientific Al framework to help in
the search_for novel superconductors will require the concerted efforts of physicists and Al
experts/workingtogether.

Concluding Remarks

As\physicists begin to explore more and more complex materials, their research methods have
to evolves The ongoing revolution in Al is a great opportunity for the condensed matter
physics community, particularly in fields still dominated by serendipity and accidental
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discoveries such as the study of superconductors. The Al methods can play a significant role

in every stage of the search for new superconductors, from discovering strong predictors of

superconductivity which can be used to generate lists of candidate materials, to orchestrating

efficient experimental campaigns to synthesize and characterize these candidates.
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20. Is protonation (hydrogenation) the future of conventional
superconductivity at room pressure?
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Italy
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Status

In the early Seventies, a few outstanding results appeared in the literature®demonstrating the
induction of superconductivity in Pd, with critical temperatures up to T, =9.4 and 11 K, via low-
temperature hydrogen (H) and deuterium (D) implantation, respectively [1]. Two years before, the
T. = 1.37 K of elemental Th had been boosted to 8.2 K via high-temperature exposure to hydrogen
gas, which resulted in the compound ThsH1s [2]. Even higher critical temperat&es, T. = 16.6, 15.6,
13.6 K, were obtained in Pdi.«My alloys (with M = Cu, Ag, Au, respectively) by low-temperature H
implantation, as done in Pd [3]. Then, H was implanted in other alloys of Nb, Pd, Pd-Mo and Rh,
often obtaining a remarkable increase in T.. These interesting results (some of which are
summarized in Fig. 1) fell into oblivion after 1986, when(the interest of the superconductivity
community became completely absorbed by high-T. cuprates. Few»studies on the effect of H
absorption in YBa,Cu3O; showed a modest (<2.6 K)<increase of T.. However, interest in the
protonation of metals and alloys has been revived by thesfecent discovery of very high-T.
superconductivity, between 204 K and 288 K, in HsS, LaHig and in the carbonaceous sulphur hydride
(CHS) system, at pressures of a few megabar (see references to Section 1 and Fig. 1). Further details
on hydrogen-modified superconductors can be foundinia recent review [4]. In the last few years, a
large increase of T. or the induction of a'superconducting phase was demonstrated by using a novel
protonation technique (described below) inniron-based superconductors of the 11 family (T. boost
from 8.5 to 41 K in FeSe), in ZrNCL (T, = 15 K) and.in the transition metal dichalcogenide (TMD) 1T-
TaS; (Tc = 7.2 K) [5]. Also these new results are reported in Fig. 1. Clearly, there exists a huge number
of materials that may potentially develop, superconductivity once protonated, including simple
metals and alloys, layered iron-based compounds, 2D TMDs, and graphite intercalated compounds
(GICs). The field is poorly explored}p to'now, but could lead to the discovery of new materials and
new potential applications.

Current and Future Challenges

A modern application of the protonation technique faces many challenges. The first and foremost
issue concerns the methods of protonation. In the early experiments, and up to 2010, three
approaches, or‘a combination thereof, were used: i) absorption from H gas at high temperature and
pressure; ii) electrochemicalloading at room T (or low T) by electrolysis of H,SO4 or HCl solutions; iii)
direct implantation,ofH* (protons) and D* ions at liquid-helium temperature [4]. All these methods
are complex and<{suffer drawbacks mainly related to the in-situ vs. ex-situ measurements of the H
content,and. of the superconducting properties. To allow a high-throughput investigation of new
materials, and to open potential routes to applications, it is thus necessary to reduce the complexity
and the cost of the process, and to find less demanding physical conditions for protonation.
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Figure 1. Maximum superconducting transition temperatures achieved in different hydrogen-based or hydrogen-doped compounds.
These include hydrogen- and deuterium-doped compounds stable at ambientspressure (filled red and blue circles, respectively), and
hydrogen-rich compounds synthesized and stable at megabar pressures (filled oran%e circles). Hollow symbols represent the
unconfirmed metastable phases of PdHx and PdDx stabilized by rapid quenching to low T.

Another challenge is the stabilization of the protonated phase that may be unstable or metastable.
For example, the tendency of Pd to lose the loaded H (even at room T) due to its diffusion in the
structure is well known, and some papersiclaim a \T. ~ 54 K in PdHy obtained by using special
techniques to stabilize the high-T. phase [6], i:e. rapidly quenching the protonated sample to low T.
A third important issue concernséthe selection of the classes of starting materials. Different criteria
can be envisaged and based on: i) serendipity; ii) existence of superconducting phases obtained by
other methods in the same or similar materials; iii) ab-initio theory—driven selection. However, the
analogy does not necessarily worl\(e.g., in MoS; ionic gating induces superconductivity, but our
preliminary investigations suggest that protonation does not); on the other hand, the “a priori”
theoretical approach is often'se«complex and time-consuming to be virtually impossible.

Finally, a great challenge.is given by the theoretical explanation of the experimental results. In
principle, protonation'may affect’ different properties of the starting material: crystal structure,
electronic bands,_(phonon' spectrum and electron-phonon coupling. Disentangling the most
important effect (or combination of effects) towards the appearance of superconductivity is usually
a complex theoretical and experimental task.

Advances'in Science'and Technology to Meet Challenges

The first two challenges can be addressed by a new protonation technique [7, 8], already
successfully used in some layered materials [5], based on an ionic-gating-like setup. It exploits the
strong electric field in the electric double layer (EDL) at a polarized solid-electrolyte interface to
dissociate the water molecules in the electrolyte and drive the H* ions into the material (Fig. 2b).
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Figure 2. a, Sketch of the experimental setup for ionic-gating-induced protonation, including Pt.electrical wires for the application of the
gate voltage V; and the measurement of both the reference voltage V,.., and the 4-wire resistivity of the sample. b, Sketch of the
electric double layer generated by a positive V;, made up of the Helmholtz layérof cations and the counter-charge in the gated sample.
The absorbed water molecules are split by the intense electric field and the H* ions are theldriven into the material.

In its basic version, this simple technique only requires a low'dc gate potential (Vs ~ 3 V), the water
naturally absorbed by hygroscopic ionic liquids, @nd a temperature close to 300 K or slightly higher
[5]. Simple improvements can be envisaged to monitor the time evolution of the process and the
real-time change in transport properties, asswell'as'to estimate the amount of H ions loaded in the
sample. For example (Fig.2a) if a reference electrode is immersed in the electrolyte, Vs, Vv, the gate
current Ig and temperature can be measured during the gating process. Placing proper contacts on
the sample surface will also allow/in-situ measurement of its 4-wire resistivity. A similar setup can
even be mounted in a cryostat, thus permitting a rapid quenching of the loaded H ions and the
subsequent low-T measurements. N

The theoretical modelling 'of protonated materials is a delicate task. The most energetically
favourable position of protons in.the crystal must first be determined. Since their presence may
modify both the lattice parameters and the atomic positions of the pristine sample - thus affecting
its vibrational propérties -=hone has to understand: i) whether they simply induce a shift of the
chemical potential or modify the electronic bandstructure through hybridization of H atomic
orbitals; ii) if and"how the«Vibrational modes of the protons couple to those of the pristine system
(i.e., if they just add Einstein'modes or affect the phonon spectrum in a non-trivial way). Due to the
hydrogen light mass, the correct phonon dispersions may also require anharmonic corrections [9,
10]. Therefore, itds crucial to correctly model all these aspects as they have a direct impact on the
electron-phonon interactions and their related effects, in particular the superconducting coupling.

Concluding Remarks
In the present short contribution, we have shown that the time is ripe for an intense and systematic
resumption of protonation (and hydrogenation) experiments to search for new H-based
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superconducting materials. The recent introduction of the simple and effective ionic-gating-induced
protonation technique and its improvements outlined in the previous paragraph will allow high-
throughput experiments able to rapidly span over the different families of potential candidates
mentioned above. At the same time, recent advances in ab-initio computational methods for solid
state physics (including high-throughput and genetic algorithms) will make it possible to guide the
selection of materials to be protonated and to interpret the results of the experimental activity. The
new superconductors that will be discovered by this approach will probably feature a Tc lower than
room temperature, but will be simple, possibly BCS-like, and most importantly stable at ambient
pressure, thus opening the way for potential future applications.
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21. Predicting unconventional superconductors from first principles

Roser Valenti
Institut fir Theoretische Physik, Goethe-Universitat Frankfurt, Max-von-Laue-Strasse 1, 60438 Frankfurt am
Main, Germany

Status

Since the discovey of high-temperature superconductivity in copper-oxide materials in 1986
[1] there has been an intensive search for unconventional superconductors with exotic
superconducting pairing mechanisms beyond phonon-mediated BCS 4(Bardeen-Cooper-
Schrieffer) [2] and, with desirable high transition temperatures. A common feature of many
of these unconventional superconductors is that they are strongly correlated electron
systems and, magnetism and superconductivity either coexist or are nearby in their phase
diagram (see Figure 1). This observation heavily suggests that spin fluctuations are a key
ingredient for superconductivity.

AT (N

structural/ nematic ph

superconducting

Figure 1. Generic temperature (T) versus pressure (P) or doping (n) phase diagram for unconventional superconductors containing a
magnetic phase nearby or coexisting with superconductivity/as well as, depending on the system, a variety of other phases such as (bad)
metal, nematic and structural phase transitions.

Notorious families of existing unconventional superconductors are -apart from high-Tc
cuprates [1]¢ heavy.fermions [3], organic conductors [4,5], SroRuQ4 [6] and Fe-based
superconductors [7]. Most recently, magic-angle twisted bilayer graphene [8] has been added
to this fascinating”ensemble of systems. Predicting materials with similar properties is
however a difficult task since the origin of unconventional superconductivity remains a
puzzling open. question. In most of these systems superconductivity emerges from magnetism
either upon doping them or/and by application of pressure. This feature sets a possible
procedure to try to design materials with similar behavior from first principles [9]. In the
following we describe the challenges and opportunities of such an undertaking.
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431 Current and Future Challenges

5

6 In the prediction of unconventional superconductors from first principles, several challenges
7 appear. Here, we highlight a few of them :

8

?0 e By their nature, unconventional superconductors are strongly correlated electron
11 systems. A prediction of such systems and analysis of their superconducting state from
12 first principles requires a description beyond conventional Density Functional Theory
13 (DFT) in order to properly include correlation effects. In recent yearsithere have been
:‘5‘ some efforts to develop adapted exchange-correlation functiohals in DFT [10].
16 Alternatively, the combination of DFT with many-body techniques'such as Dynamical
17 Mean Field Theory (DMFT) [11] and its extensions [12], RPA [13], twe-particle-self-
18 consistent approach (TPSC) [14], or functional renormalization group (fRG) [8] -to
19 mention a few- has been rather successful. This combination offmethods has helped
;? to advance our understanding of unconventional superconductors,

22

23 e Albeit the limitations of conventional DFT to deScribe correlated materials, this
24 technique is extremely useful to investigate the intrinsic magnetism in many of these
;2 unconventional superconductors. More challenging is, however, to relate such
27 magnetic simulations to superconductivity [15].

28

29 e In contrast to most superconductors, where Superconductivity sets in upon cooling
30 the material in its stochiometric formyor, in the very exceptional case of the hydrides,
g; through application of extraordinary pressures, unconventional superconductivity in
33 correlated electron systems arises mostly after manipulating the materials either via
34 chemical or electrical doping/or Viaspressure or strain. This makes the search for new
35 unconventional superconductors from first principles difficult already at the level of
g? DFT, since it requires simulations of complex supercells to account for doping effects,
38 as well as multiple simulations under various pressure/strain conditions to identify
39 possible superconducting phases [16]. In the continued search for new
40 superconductors, a better understanding of how to tune materials towards desired
41 parameter regimes/s therefore of continued interest. Various approaches are being
g explored including not.only combinations of chemical crystal engineering and physical
44 pressure or strain, but exfoliation of 2D materials and formation of hybrid structures
45 as well.

46

47

48

49

50 e The complexity of first principles simulations enforces sometimes the use of minimal
51 effective models, such as generalized Hubbard models, to describe these systems
52 where the information of the specific material is encoded in the hopping and
gi interaction parameters of the model. To understand even the minimal models -
55 applicable to arbitrary unconventional superconductors — continued development of
56 numerical methods is needed to predict properties, in order to compare with
;73 experiments and characterize the models.
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e Finally, the implementation of machine learning algorithms and statistical methods
[17,18] may be useful in the search, design and prediction of unconventional
superconductors.

Advances in Science and Technology to Meet Challenges

From the perspective of new material searches, finer chemical control of disorder, often
present in unconventional superconductors, is an ever-present target. For understanding the
effects of disorder, doping, strain and pressure, further development<of. first principles
structure predictions is likely to continue playing a prominent role.

From the modeling perspective, adapting various numerical many=body. methods to treat
correlation effects as well as electron-lattice interactions on the same footing is highly
desirable.

Finally, topological superconductors are emerging as a platform for exotic states. Naturally
occurring topological superconductors are rare, with somesexceptions like the recently most
discussed UTe; [19]. Other options are topological insulators with induced unconventional
superconductivity [20] that have the potential to host.Majorana fermions and to exhibit
supersymmetry, and they also hold promise for techno.logical applications, including
topological quantum computation and spintronics.

Concluding Remarks

Unconventional superconductivity in stronglycorrelated electron systems is a very exciting
and, at the same time, very puzzling state of matter. Searching for high-Tc unconventional
superconductors in this class of materials remains a challenging task. However, the recent
developments both on the modelling side with advanced numerical techniques and the
application of machine learning algorithms, as well as developments on the experimental
side, including efforts of merging superconductivity with topology opens a myriad of
opportunities to be explored yet.
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Q&A on Current and future challenges in Room-Temperature Superconductivity: a virtual
Round Table

While collecting contributions for this Roadmap, we asked all contributors tashare their views
on the current and future challenges in the field, by answering four questions. The answer;
collected below, offer a nice picture of the current status of superconductivity researeh.

Q1: What do you find exciting in this field?

Arita: Ab initio prediction (or materials design) of new superconductors istery fascinating
topic for me.

Pickard: Of course - the possibility of realising the dream of “room conditions” superconductivity
is incredibly exciting, especially if the result leads to technological materials. But just as exciting
is that the progress made so far shows that the triangle theory/computation/experiment show
the way forwards for the design of future materials.

4
Kolmogorov: In the field of the acceleration of structure searches with machine learning

interatomic potentials. What | find the most exciting aboutthese advances is that the models
can now be generated virtually without any supervision and they are fast enough to accelerate
ab initio search by orders of magnitude. The methodology has the potential to dramatically
expand the search for new materials'in general and new superconductors in particular. With all
the successful ML designs introduced in‘recent years, there have been surprisingly few
predictions of thermodynamically.stable materials made with the help of ML interatomic
potentials. Further automation and dissemination of the ML tools will help evaluate the
benefits of using the methodology for different materials classes.

Heil: One thing that excites'me rkre is that the pace of research progress is so high at the
moment. It seems that almost.every day there are new studies and reports adding to our current
understanding. Of course, the factithat we are currently working at such extreme conditions that
have been unattainable experimentally not so long ago adds to the excitement, as we are
breaking completely new grounds here. Lastly, the fact that el-ph superconductivity has been
calculated and measured to reach critical temperatures close to room temperature is amazing,
when considering that.for.almost 100 years people thought 25K was the upper limit for
conventional superconductivity.

Stanev:| am really excited about the advent of Atrtificial Intelligence (Al) and Machine Learning
(ML) methods in the study of superconductivity. The methods offer tools that can help address
some of thebiggest challenges in the field. Extracting and organizing information dispersed
over thousands of papers, visualizing and analyzing high-dimensional data, even orchestrating
an efficient'experimental campaign - it has already been demonstrated that Al can be used for
all of these. Since superconductivity has been studied for more than a century, there is plenty of
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experimental and computational data available. Al is uniquely suited for the task of analyzing
the data created by generations of researchers and turning it into actionable knowledge.

Errea: This field is so exciting because, for the first time, we know that hydrogen-based
compounds can be room temperature superconductors, one of the ultimate goals,of science.
The challenge now is to understand if these compounds can also have record critical
temperatures at lower pressures, even ambient pressure.

Zurek: First of all, | am excited about all of the novel chemistry that emerges under pressure.
Uncovering new bonding rules that can be used to explain the unique stoic\hiometries and
structures that become stable is great fun. Secondly, | find it remarkable that theoretical
predictions are really driving this field forward. The synergy between theory and experiment,
and how it has led to such quick advances is a success story.

Yanming Ma: Room-temperature superconductivity hasdeen a century long-held dream since
the discovery of the first superconductor mercury in 1911. Now'the dream is becoming true in
the system of hydrogen-rich superconductors stabilized under high pressure, where the highest
Tc for clathrate structured LaH10 reaches 260 K. Future study towards ternary hydrogen-rich
superconductors is exciting in view of the recent report on @ C-S-H system with Tc at 280 K
though more experiments are needed to confirm the results. An era of “hot” superconductors in
the hydrogen-rich systems under high pressure might come soon.

Margine: We are now witnessing a remarkable progress in the development of advanced
computational methods, in particular for treating electron-phonon and electron-electron
interactions on an equal, ab-initio, footing. This,could help shed light on important unsolved
questions regarding the role of Coulomb correlations in different classes of superconductors.
Furthermore, developments aimed at including effects arising from plasmons and spin
fluctuations open the door for exp\loring their impact on the superconducting pairing.

Eremets: Realisation that'high pressure is a really powerful tool which brings new prospects to
the field superconductivity, room.temperature superconductivity, and likely will influence on the
search of HTSC at ambient pressures. Second, a remarkable synergy of theory, calculations
and experiment, close interaction with the theoreticians, tremendous progress, especially in the
last few years.

Q2: How do/you think we can get to room temperature/room pressure SC?

Arita: For room temperature SC, | expect that it will soon be realized in hydrogen compounds.
The question is whether we can retain those high Tc's at ambient pressure. For this problem, |
am not so optimistic, although we may have a chance to find some metastable structure. To
realize room temperature superconductivity at ambient pressure, | think that we should search
for anoether/unconventional superconductor.
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Pickard: | would be surprised if we can get to room temperature and zero pressure using
hydrogen. | expect other light elements will be needed.

Heil: Obviously we still need to collect a lot of information in order to be able to point to a clear
path to achieve room temperature superconductivity at ambient pressures, as‘despite the
tremendous research efforts and gained knowledge so far, a large area is still unexplored. In'my
opinion, with research focus now turning to ternary hydride compounds, therewill be quite a
number of reports of highest-Tc superconductivity at much lower pressures compared to the
binary hydrides. This will help to pinpoint and carve out the essential properties and
particularities to reach room temperature/pressure superconductivity.

Errea: Since the superconducting mechanism here is the well-known electron-phonon
interaction, a combination of theory and experiment allows fast progress. This will be crucial as
well for the next discoveries. However, theoretical and experimental techniques need to
advance.

Zurek: We need to find a way to kinetically stabilize the superconducting materials. This can
only be done by introducing some sort of framework of elemepts that can form strong bonds,
such as elements from Group 14-16.

Yanming: | do not see an immediate step to reach room temperature superconductivity at room
pressure. But it becomes a certainty for finding room temperature superconductivity in
hydrogen-rich compounds under high pressure. Ternary or quaternary hydrides under high
pressures are the good candidates for room temperature superconductors.

Eremets: A case of H3S as a covalent metal likely shows a workable way. Carbon-based and
other materials with light atoms‘have characteristic frequencies comparable with H3zS. Doping or
alloying can turn them to covalent. metals (as pressure does for hydrides) and superconductors.
T->78 Kis likely will be achieved}ccording to the calculations and progress in the experiment.
RTSC probably will be found in this way, this does not contradict the basics.

Q3: What are the main technical challenges?

Arita: | think that'the most important challenge is the development of a non-empirical and non-
perturbative method which.enables us to study unconventional superconductivity from first
principles.

Pickard: From the computational side, the main challenge is to perform high quality
(converged) Te‘computations at sufficient scale. Experimentally and computationally we need to
understand why the number of synthesised superconducting compounds is relatively low, as
compared to the number of predictions.
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Heil: For me as a theorist, | see the main challenges in the sheer number of possible
configurations of the structural search space, which means clever, efficient and unbiased
structure search methods are of essential importance. Furthermore, we have already seenfor a
couple of hydride compounds that anharmonic effects and also temperature effects can have
significant impact on the materials’ properties. Although methods do exist to include these
effects, they are currently very expensive computationally.

Errea: From the theoretical side a proper treatment of ionic quantum fluctuations'is required. It
has been shown that these effects can stabilize crystal structures with'huge eléctron-phonon
interaction at much lower pressures than expected otherwise. The chaIIenQe is'to incorporate
these ionic quantum effects into crystal structure prediction methods. From the experimental
side new developments are expected to better control the chemical reactions that yield high-
temperature superconducting hydrides at high pressures.

Zurek: In the field of crystal structure prediction currently'we.can quite reliably predict many
stable and metastable crystal structures. But we don’t know quite.yet how to choose which
stoichiometries and unit cell sizes to consider, how to.set limits on which structures should be
more thoroughly interrogated, and set criteria for what could be synthesizable. Currently, much
of this boils down to choices that human beings make based on intuition and imperfect
information.

Yanming Ma: There are several technical challenges: (i) synthesis of thermodynamically stable
ternary or quaternary hydrides in experiments;.(ii).experimentally, the determination of
compositions and crystal structures of the hydrides superconductors is challenging since
hydrogen is not seen in XRD data; (iii)) measurement of magnetic susceptibility under high
pressure that is a must for verifying the superconductivity is challenging.

Margine: Modeling large, realistic. systems from first principles will remain a formidable
challenge for future research.

Eremets: From an experimental point of view, we are prepared technically better for the search
of new superconductors athigh pressures rather than at ambient pressure. We already reached
410 GPa at 2250 K. Still, the efficiency of high pressure experiments is not satisfactory—
currently we produce much fewer works than theoreticians do. Ambient pressure is a challenge
for high-pressurerlaboratories. We can synthesize some samples based on the high pressure
experience -/a pilot search. We can also do some characterization. But the synthesis of
materials on a‘large scale, and their characterization requires a well-equipped material science
laboratory.

Q4: Which(directions do you see as most promising in superconductivity?

Arita: While ab-initio prediction of unconventional superconductivity is very fascinating,
materials design of conventional superconductors is also exciting. Even if the transition
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temperature cannot be higher than 40-50K at ambient pressure, if it is malleable and ductile, it
will be very useful in many applications.

Pickard: Exploiting entropy to design new superconductors - either dynamically stabilised
systems, or doping and alloys, and probing the full energy landscape.

Heil: For me, this would be a combination of topics mentioned in points 2 and 3. Firstly, | do
think that we can still learn a lot about electron-phonon interaction and the hydrides' properties
in general by investigating a lot of different ternary compounds. For the binary ones, we have
already seen that one can categorize them, very broadly speakingdnto thdifferent classes
(covalent hydrides and hydrogen-rich sodalite-like clathrate structures); and I'm very excited to
see how the ternary structures fit into this picture and if there are:xnew classes even to be found.
Secondly, | think that the inclusion of anharmonic and temperature effects will be crucial to
really understand these materials on a quantitative level, and further research efforts will need
to be spent to enable a more streamlined and efficient way to.incorporate these effects in our
current workflows.

Errea: A systematic theoretical search based on crystal structure prediction methods will
continue with ternary compounds. In parallel, crystal structure searches with ionic quantum
effects will be incorporated. Provided a clear chemical understanding of why these compounds
are high-Tc compounds is built in the community, these searches will provide new interesting
compounds in the near future. Hopefully, new high-T¢e.compounds at lower pressures.

Zurek: The advances made in superconducting hydrides is phenomenal and the field is moving
at lightning speed. | think this will. continue to be the main driver for discovering new
superconducting compounds for a while.

Eremets: At present, conventional superconductivity has a great potential for finding “hot”
superconductivity at high pressure and new superconductors at least with Tc >78 K at ambient
pressure. Superconductors with other than phonons ‘glue’ for electrons can probably provide
higher critical temperatures. As,soon as quantitative theories emerge, we can expect the same
fruitful symbiosis betweentheory, computation, and experiment that proved so successful for
the superconducting hydrides.



