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The discovery of high-7T. conventional superconductivity in high-pressure hydrides has helped establish
computational methods as a formidable tool to guide material discoveries in a field traditionally dominated
by serendipitous experimental search. This paves the way to an ever-increasing use of data-driven approaches
to the study and design of superconductors. In this work, we propose a new adaptive method to generate
meaningful datasets of superconductors, based on element substitution into a small set of representative structural
templates, generated by crystal structure prediction methods—adapted high-throughput approach. Our approach
realizes an optimal compromise between structural variety and computational efficiency and can be easily
generalized to other elements and compositions. As a first application, we apply it to binary hydrides at high
pressure, realizing a database of 880 hypothetical structures, characterized with a set of electronic, vibrational,
and chemical descriptors. In our Superhydra Database, 139 structures are superconducting according to the
McMillan-Allen-Dynes approximation. Studying the distribution of 7. and other properties across the database
with advanced statistical and visualization techniques, we are able to obtain comprehensive material maps of the
phase space of binary hydrides. The Superhydra database can be thought as a first step of a generalized effort

to map conventional superconductivity.
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I. INTRODUCTION

Methods for ab initio prediction of superconductors led to
an impressive acceleration in material discoveries, following
the breakthrough report of high-7; superconductivity in high-
pressure superhydrides [1,2].

After reaching the symbolical threshold of room-
temperature [3-5], the research focus is rapidly shifting to
the even more ambitious goal of conventional superconduc-
tivity at ambient conditions [6-9]. Meeting this challenge will
require new methods which are able to explore a potentially
huge material space, much broader than that of simple binary
hydrides [10,11]; high-throughput (HT) screening and artifi-
cial intelligence techniques will likely play a prominent role
in this search [12-19].

High-pressure superhydrides represent an ideal benchmark
for such data-driven approaches, since first-principles calcula-
tions can provide accurate estimates for 7, and overcome the
limitations of scarcity and inhomogeneity of data associated
with other classes of superconductors. Indeed, a few works
in literature have attempted to study the distribution of 7. in
binary hydrides, applying empirical classification schemes to
data previously published in literature [19-21] or randomly-
generated structures [9,18]. Both approaches present obvious
intrinsic drawbacks: While datasets based on literature are
usually limited to near-ground-state structures, losing pre-
cious information on other possible chemical environments,
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randomly-generated sets tend to contain many unphysical or
unrepresentative structures [22].

In this paper we propose an alternative strategy for the ex-
ploration of the phase space of superconductors, based on the
high-throughput substitution of the elements of the periodic
table in a small set of representative structural templates for
different compositions—adapted high-throughput approach
(adapted-HT)—which is explicitly designed to realize the
best possible compromise between variety, reproducibility,
and efficiency. A key aspect of our adapted HT approach
against the regularly used high-throughput approaches is on
the approach of identifying promising structural templates.
Against conventional use of a priori knowledge on mate-
rial systems (experiment or theory) from literature, we used
crystal structure prediction methods for generation and identi-
fication of structural templates (Sec. II A) to avoid any bias or
limited knowledge on the test system. By utilizing the set of
high-symmetric, representative templates for all elements of
the periodic table, we managed to reduce the computational
time devoted to structural search and focus our resources on
computing the 7; for a wider spectrum of structures, regard-
less of their thermodynamic stability. To maintain our study
manageable, we focus on a single pressure (200 GPa), and to
a finite number of compositions, as discussed in the following.

As a first application, the adapted HT approach is applied
to map the phase space of binary hydrides formed by the first
55 elements of the periodic table (H and He are excluded).
Our Superhydra database, available as a single CSV file
in the Supplemental Material (SM) [23], comprises a total
of 880 distinct binary hydride structures, of which 139 are
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superconducting and 27 are high-7; all structures are charac-
terized by a set of relevant structural, electronic, vibrational
and superconducting properties, computed at the same level
of accuracy. Using advanced statistical methods to analyze
our database, we obtain a set of material maps depicting the
distribution of physical properties across different families of
binary hydrides, and identify general trends and correlations
with thermodynamical stability and superconductivity. We
also identify few unreported high-7, hydrides.

This paper is structured as follows: in Sec. I we describe
the construction of the Superhydra database, i.e., the gener-
ation of the templates, the choice of the relevant features, and
the classification of the hypothetical binary hydride structures
into broad families, emerging from an advanced statistical
analysis. In Sec. III, we discuss the main features of the binary
hydrides material space, using material maps of the most
relevant quantities. In Sec. IV we present accurate vibrational
and superconducting properties for two new interesting high-
T. hydrides, unreported in the literature till date. Finally, in
Sec. V, the main conclusions of our paper is discussed.

The main computational details are summarized in the
methods section in the Appendix; the SM [23] contains de-
tailed information on the database generation methodology,
additional descriptions of the database, the full set of material
maps, as well as additional information on the data analysis
methods employed.

II. CONSTRUCTION OF THE SUPERHYDRA DATABASE

The Superhydra database was generated substituting the
first 55 elements of the periodic table following hydrogen
and helium (Li-La) into 16 binary hydride templates AH,,
obtained with fixed-compositions evolutionary crystal struc-
ture searches for selected elements. Details on the generation
procedure are available in the SM [23].

The resulting structures, relaxed at a common pressure
of 200 GPa, form a database of 55 x 16 = 880 hypothetical
binary hydrides, for which we computed various electronic
vibrational and thermodynamic properties as listed below
(Database 1, or DB1 in the following). For the 139 metallic
and dynamically stable structures, we computed electron-
phonon properties in the linear response approximation,
and estimated the 7, using the McMillan-Allen-Dynes for-
mula, assuming a constant ©* = 0.1 [24]. These compounds
form our database of superconductors (DB2). Twenty-seven
of these compounds are high-7;, according to the con-
ventional definition employed throughout the manuscript,
where the threshold for high-7, is set to the N, boiling
point (77 K).

A. Structural templates

The most critical issue in the construction of the
Superhydra database was the choice of a set of structural
templates satisfying a few crucial requirements: (i) being suf-
ficiently representative, i.e., the structural templates should
cover the variety of bonding environments encountered in
known binary hydrides; (ii) at the same time, the number of
templates should not be too large, and (iii) the unit cells of the

individual templates should be small and possibly symmetric,
to allow efficient high-throughput calculations of electronic
and vibrational properties. Finally, (iv) the generation pro-
cedure should be easily generalizable to other systems and
chemical compositions.

To meet these requirements, we proceeded as follows: we
first identified a relatively small sets of elements and compo-
sitions representative of different classes of binary hydrides:
low-T, metallic hydrides; covalent hydrides like SH3; and
SeHs [1,25]; systems that form Hj-rich structures like TeHy
and LiHg [26,27]; cage like structures, as in sodalite-clathrate
hydrides like YHg [10,21,28]. The elements were chosen to
exhibit different chemical properties and high-pressure be-
haviors. As for compositions, we restricted our search to
compounds with chemical formulas AH,,, with n < 6, to en-
sure a relatively small unit cell and a fast computation of
the physical properties. With this choice, we consciously
eliminated from the Superhydra database a large number of
known high-T7, hydrides, such as LaH( [4] and YHy [29], un-
der the assumption that the main features of high-n clathrates
like hydrides are well represented in the database by clathrates
withn = 6.

Once elements and compositions were decided, our gen-
eration procedure continued as follows: first, we ran several
unconstrained fixed-composition evolutionary search runs for
binary hydrides AH,, of selected elements (A = Li, Na, Ca, Cl,
Y, Fe, S, C, Al) and compositions (n = 1,2, 3, 4, 6) (see the
SM [23] for details). At the end of these structural searches,
we retained the 10 lowest enthalpy structures for each el-
ement and the structures with high symmetry (space group
number above 75), and filtered out all the rest. After checking
for duplicates, the structures were divided into three classes,
based on the smallest H-H distance (dpg): short (dyg < 1 A);
medium (1 A <dyu <2 A); long (dyyg > 2 A).

The final set of 16 templates was obtained by retaining
mostly cubic structures (7), a few hexagonal (2), trigonal (3),
tetragonal (3) ones, and one orthorhombic, imposing that the
set should contain at least two templates for each composi-
tion, and requiring that the templates would be balanced with
respect to short, medium, and long dyy. Structural details for
each template are provided in the SM [23].

The 16 templates are displayed in Fig. 1. In the following,
they will be represented by an alphanumeric id of the form
XN-SPG-A,,H,, where X stands for short (S), medium (M),
or long (L) type based on the smallest dyp; N represents the
serial number; SPG the space group number of the structure
and A,,H,, composition of the structure. Hence, e.g., M4-
166-AHg would represents the 4" structure of medium type
with space group number 166 and composition AHg. Among
the templates we find well-known crystal structure types. In
particular, the M7-229-A1H; and the M3-229-AHg struc-
tures correspond to the high-7, SH; and AHg (A = Mg, Ca,
Y) templates [1,2,29-32], respectively; while M1-223-AHj3
and M5-221-A H; correspond to the high-pressure phases
of AlH; and FeH; [33-35], respectively. L1-221-AH; and
L2-225-AH; coincide with the CsCl and NaCl structures, and
S3-166-AHg with the predicted LiHg structure [27]. On con-
trary, the S1-139-AHy template has been studied extensively
in the past [36].

054806-2



MAPPING SUPERCONDUCTIVITY IN HIGH-PRESSURE ...

PHYSICAL REVIEW MATERIALS 7, 054806 (2023)

Short

S1-130-AH, S2-166-AH,

S3-166-A,H,

S4-221-AjH,  S5-139-AH,

M3-229-A,H,

M4-166-A,H,

M5-221-A\H;  M6-139-AH,

M7-229-AH, L1-221-AH,

L2-225-AH,

.‘PQ’.‘P

O'.Oo
L3-064-AH, L4-194-A H,

FIG. 1. Template structures used for adapted high-throughput data generation, classified by H-H bond distance into short (S), medium
(M), and long (L). The label X N-SPG-A,, H, indicates the H-H distance type (X), the structure number (N), space group number of the system
(SPG), and the generic composition of the structure (A,,H,). Details of the crystal structures are provided in the Supplemental Material [23].

B. Physical properties—Features

Here, we give a short description of the features grouped in
different categories; a more detailed description and definition
of each feature is given in the SM [23].

(1) Geometry—space group number of the primitive
unit cell (SPG); number of hydrogen atoms per formula
unit (ng); volume (Vol); density (py); structural template
(XN-SPG-A,,H,)); nearest-neighbor distance between H-H
(dyn); and between hydrogen and the guest atom A (day). The
volume and density is in A3/atom and gm/cm? respectively.
The inter-atomic distances are in A.

(2) Thermodynamics—Formation enthalpy per atom cal-
culated at 200 GPa (AH in eV/atom). As reference for the
pure elements, we employed structures from literature when
available, or performed a dedicated evolutionary structural
search with USPEX [37].

(3) Electronic structure—Total density of states (TDOS),
partial density of states (PDOS) on atom A/H (ADOS;
HDOS) in states/eV/atom, band gap (BG in eV); STATE
(metal or insulator).

(4) Charge—Results of the Bader charge analysis on the
unit cell; partial charge on atom A (p,); partial charge on atom
H (pg), in arb. units—average, maximum, minimum value,
standard deviation (avg, max, min, dev).

(5) Elastic—The elastic properties of the system are rep-
resented through quasi-bulk modulus BM, (GPa), estimated
at 200 GPa and 0 K. Based on standard thermodynamic
relations, the isothermal compressibility (ko) at temperature
T = 0 K and pressure p = 200 GPa can be obtained by the

following three relations:

1 oH
Ko a oV

’

V=Vao

1 a

— = —V< : ) : M
Ko 1% V=Vago

1 <82 )

— =V ,

Ko V2 V=Vano

where H, U, and V represent enthalpy, internal energy, and
volume, respectively. We evaluate these quantities at V = Vyqp,
i.e., effective volume of the relaxed system at 200 GPa. We
define the above obtained «( as quasi-bulk modulus BM,; and
obtain BM,; by averaging the three expressions. The details
on the derivation of these expressions and their evaluations
from ab-initio calculations is provided in the SM [23].

(6) Phonon—Maximum, minimum, and average phonon
frequency at the I point (0", 0™, wi'®) in meV.

(7) Electron-phonon (e-ph)—These properties have been
evaluated for metallic dynamically stable structures only.
We report the logarithmic-averaged phonon frequency (wiog)
in K, the total electron-phonon coupling constant (1) and
superconducting critical temperature (7;.) estimated from
McMillan-Allen-Dynes formula (©* = 0.1).

C. Statistical analysis

Several empirical classification schemes have been pro-
posed for binary hydrides, based on structural or chemical
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properties, such as interatomic distances, guest atom charge
or atomic radius, electronegativity, electronic charge localiza-
tion, etc. [18,19,21,38].

For example, it was early recognized that for a super-
hydride to exhibit high-7, superconductivity, the interatomic
H-H distance dyy should lie in a sweet spot between 0.9 and
1.35 A [21], and the hydrogen sublattice should be negatively
charged [39]. Other authors recognized that high-T; superhy-
drides can be divided in two classes (covalent and clathrate
hydrides), depending on the existence of a covalent bond
between the A-H or a weakened H-H bond [10], while
Belli et al. divided the known superhydrides into six classes
(molecular, covalent, weak H interaction, electride, isolated,
and ionic), using an inspection of interatomic distances and
electronic localization function profiles [21].

The Superhydra database is large and homogeneous
enough to attempt an unbiased analysis of the properties
distributions across different elements and structures, using
machine learning techniques. The aim of this analysis is not
to obtain accurate classifications or 7, prediction but rather to
guide our study of the material maps letting correlations and
trend emerge from the data [40].

We first attempt to see whether the full database can
be naturally divided into families, using all calculated fea-
tures, except for e-ph properties. Unsupervised learning
algorithms are designed specifically for the task of sepa-
rating the data into families related to similarity of some
sort, with no assumptions on the physical nature of this
similarity.

The k-means clustering algorithm, applied on to the whole
Superhydra database (DB1), leads to the most physically-
meaningful clusterization when k = 3 is employed [41]. We
name the three clusters thus identified H,, TMs, and HTC,
based on the type of hydrides they comprise. The H, cluster
contains primarily structures with short H-H bonds (dyy <
0.8 A), i.e., molecular H, hydrides, covering all possible
atomic numbers; the TMs (Transition Metal) cluster contains
hydrides of the first-row p elements and transition metals,
covering all values of dyy larger than 1.0 A; the high-T,
(HTC) cluster comprises hydrides of the remaining elements,
again with dgpy > 0.8 A. The HTC cluster contains almost all
of the high-T; structures, hence its name.

This simple division into clusters is also rather efficient in
filtering out superconductors: out of the 27 hydrides with T,
higher than 77 K, 85% (23) belong to the HTC cluster; 4% (1)
to Hy; and 11% (3) to TMs. The outlying high-7, structures are
NaHg (S3-166-AHg) in the H, cluster, and MoHg (S3-166-
A]Hﬁ), NbH6 (M3-229-A]H6), and NbH6 (M4-166-A]H6) in
TMs. Known high-T7, phases, such as SH3, NaHg, and YHg all
belong to the HTC cluster.

Figure 2 shows a scatter plot of the data in DB1 in the
atomic number (Z) versus H-H distance dyy, colored accord-
ing to the assignment to one of three clusters: Hp, HTC, and
TMs. We note that for clustering we used all the numerical
features in DB1, none of which contains direct information
on the chemical properties of the A atom, except for the
atomic number. Despite this, the clustering algorithm did find
a partitioning which bears a striking similarity with the pe-
riodic table: the threshold between data points classified in
the HTC/TMs clusters coincides with the beginning of the

B Ne Ti  Zn Zr Cd
i ‘\ i i i
3.5 Learned Type
® TMs

@ HTC

10 20 30 40 50
Atomic Number

FIG. 2. Distribution of data points in DB1 with respect to mini-
mum H-H distance dyy and atomic number Z. Dark brown, orange,
and light orange dots correspond to cluster TMs, HTC, and H,,
respectively.

first-row p- and d-blocks of the periodic table. Upon closer
inspection, we note that also a few data points in the H; cluster
have dyg > 0.8 A, indicating that clustering is not based on
the sole dypy feature.

Having established that the data can be separated into
physically-meaningful clusters, which may also correlate with
T., we are now interested in learning which of the features in
our DB may be considered effective indicators (descriptors) of
high-T, behavior. To this end, we performed a feature impor-
tance analysis after training a simple Random Forest Classifier
[42] to classify the data in DB2 into high- and low-T.

After optimizing the model (see the Methods section for
details), we obtained an average recall score of 0.79, a pre-
cision of 0.79, a F1 of 0.79, and an accuracy of 0.90. This
result is comparable with similar studies when the dataset
had a comparable size [38] and would significantly improve
with a larger dataset, which could be easily obtained by sys-
tematically adding more templates. Given the relatively poor
performance, we do not focus on the model itself, but only
used it to obtain a qualitative identification of the most rele-
vant features. These are: volume, ADOS, HDOS, BG, BM,,
Z, wmin, P, and AH. For most of these features, it is easy to
identify a posteriori a physical motivation for its correlation
with high-T,. For two features, i.e., the Bader charge on the H
atom (pg) and the quasi-bulk modulus BM,, this correlation
is less obvious. However, we will show in the next subsec-
tion that both exhibit a strong variability across elements
and prototypes, and their distribution permits to draw very
informative material maps of the phase space of high-pressure
binary hydrides.

III. STRUCTURAL PROPERTY MAPS

In this section we discuss some general trends that emerge
from an in-depth analysis of DB1.

In Fig. 3, elements of the periodic table and structural
prototypes are arranged along the rows and columns of a
property matrix. The resulting boxes are colored with a blue to
red heatmap (from lower to higher values), for four different
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FIG. 3. Heat map of different properties (color) of all the hydride structures for different elements (y axis) and different templates (x
axis). All quantities are estimated for pressure of 200 GPa. (a) Average Bader charge on the H atom in arb. units; (b) formation enthalpy AH
(eV/atom) estimated w.r.t. stable elemental phases; (c) average quasi-bulk modulus (see the SM [23]) in GPa, and (d) critical superconducting
temperature 7, in K. Red represents high-7; and blue low-7; the threshold is set to 7, = 77 K, corresponding to N, boiling temperature. The
methodology used to estimate different quantities are provided in the SM [23].

properties: from top to bottom and left to right, we show
the average Bader charge on the H atom (pg), the formation
enthalpy (AH), the quasi-bulk modulus (BM,), and the critical
temperature (7). Analogous heatmaps for the other features
of our DB1 are available in Fig. 2-9 in the SM [23]. The
choice of these four observables is motivated as follows: AH

gives information on the degree of chemical compatibility
between the structure and the template, py describes the type
of bonding, BM,, summarizes the lattice properties and quan-
tifies the bonding strength and, as we will discuss later on,
correlates with T;.. Last, T, is the target property, which we
want to compare with the other observables.
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The formation enthalpy (AH) heatmap describes the ther-
modynamic stability of different hydride templates across the
periodic table: blue (red) corresponds to stable (unstable)
hydrides. Rows with elements of the p-block and late tran-
sition metals (Si-Ar), (Cu-Kr), and (Ag-Xe) are red to white,
indicating that at 200 GPa the formation of binary hydrides
with these elements is less likely. s-block elements (except
Be) and early d-block elements form stable binary hydrides
(AH < 0 eV/atom) across different templates.

These results are fairly consistent with available litera-
ture [18-20], reporting that high-pressure hydrides are mostly
formed by electropositive elements w.r.t. H, as described by
Pauling electronegativity [43]. In Fig. 3, electropositive ele-
ments exhibit a negative formation enthalpy for both S-, M-,
and L-type templates, regardless of the hydrogen content.
In other words, the same element can stabilize structures
with different hydrogen content, hence with a different dyy,
chemical properties, and superconducting behavior. However,
strongly electronegative elements, in particular first-row p-
block elements, are only stable in L-type prototypes. Aside
from first-row p-block elements, none of the other elements
favors the formation of one specific template, while the oppo-
site is true: a few specific templates, namely, S1-139-A Hy,
S5-139-AHy, and M7-229-AH; are strongly favored by
specific A elements. For instance, the SH3-like template (M7-
229-AH3) is mostly unstable (AH > 0), except for a few,
selected elements (N, O, S, Sc, Ti). Indeed, in these structures
the A-H interaction induces orbital configurations which are
energetically favorable only for specific elements.

The py heatmap in Fig. 3(a) displays the average Bader
charge on the H atom w.r.t. the neutral H atom for different
combinations of host element A and template.

The majority of the boxes are blue, indicating that H is
generally more electronegative than most of the other ele-
ments, with the exception of late d-block elements (Co-Cu,
Rh-Ag), halogens (Cl, Br, I), noble gases (Ar, Kr, Xe), and
second-row p-block elements (B-Ne). The general behavior
essentially follows an electronegativity trend analogous to the
one at ambient pressure. However, upon closer inspection,
it can be noted that the columns where AH switches from
blue to red (and vice versa) correspond to Si, Ar, Ni, Kr, Pd,
and Xe. These are precisely the elements where the calcu-
lated high-pressure electronegativity changes sign, according
to a recently introduced high-pressure electronegativity scale
[44,45].

On top of these general trends, it is interesting to ob-
serve that in some cases the structural template also plays a
crucial role. The S1-139-AHy, S3-166-AHg, S4-221-AHg,
M3-229-AHg, M4-166-AHe, and M6-139-AH4 templates
exhibit a small spread in the py value which is close to O,
in stark contrast with the other templates. Among the S-type
templates, which contain H, molecules, py is close to 0
because of the charge neutrality of the hydrogen molecule
[46]. On the contrary, among the M-type templates it is the
weak-covalent nature of the hydrogen cage which suppresses
the ionic exchange between hydrogen and the A atom.

In this dataset we observe that in most of the thermodynam-
ically stable structures the A atom is an alkali metal, alkaline
earth or early transition metal, and py is in the [-0.5: 0.0
] range. There are two exceptions to this trend: (i) p-block

elements, in which structures with positively charged hydro-
gen exhibit lower formation enthalpy, and (ii) late transition
metals, which present a value of py in the [-0.5: 0.0] range,
but are thermodynamically unstable, with a large positive AH.

The heat map of the quasi-bulk modulus BM, shown in
Fig. 3(c) summarizes the distribution of elastic properties.
BM, varies over a range from 400 to 1000 GPa. As a rep-
resentative measure, the well known SHz, YH¢ and CaHg
high-7, superconducting phases have 698, 686, 628 GPa as
BM,, respectively.

Similarly to AH, BM, depends more strongly on the A
element than on the specific template. Elements of the p-
and d-block (Ti-Zn) and (Zr-Cd) exhibit BM, larger than
700 GPa across different templates, while s-block elements
and (n — 1)d"' elements have BM, in the 500-700 GPa range,
suggesting that the type of bonds formed in their binary hy-
drides are softer.

The same templates for which py remains close to zero
(S1-139-A1Hy, S3-166-AHg, S4-221-A1He, M3-229-A; Hg,
M4-166-AHg, and M6-139-AH,) are an exception, as their
BM, is significantly lower than other templates with the same
elements. This occurs in S- and M-type templates, but never in
L-type ones, where the bulk properties are dominated by the
A element. In the following, we will refer to these templates
collectively as soft templates.

Figure 3(d) divides compounds in DB?2 into low-T; (blue)
and high 7, (red) ones. Gray-colored boxes indicate either
nonmetallic or metallic dynamically unstable structures. A
significant portion of compounds in the Superhydra dataset
hosts superconductivity (139 out of 880, i.e., 16%), but only
a relatively small fraction of those exhibits high T.. (27, i.e.,
19%).

Reassuringly, among the high-T, structures we find well-
known superhydrides: SH3; (M7-229-AH3) [1,2], SeH;
(M7-229-AH3) [30], MgH, (M3-229-A;He) [31], CaHs
(M3-229-A;Hg) [32,39], GeHs (M1-223-A;H;, Al5) [47],
YHg (M3-229-A;Hg) [28,29], and NaHg (S3-166-AHg) [18].
The same templates also exhibit a high-7, with other A
elements, such as NbHg (M3-229-A1Hg) and ScHg (M3-229-
A1Hg), and a few templates where high-7, superconductivity
has not been reported before, exhibiting a surprising high-7
behavior, such as AsH, (S2-166-A;H,) and SiH; (M5-221-
A1H3). A complete list of the high-7. structures is shown in
Table I.

The majority of the high-7, structures are formed by
elements of the s-block, and M-type templates, where the
formation enthalpy is negative. These are also regions for
which the partial HDOS at the Fermi level is the largest
(See Fig. 4 in the SM [23]). In particular, the M3-229-
A1Hg and M4-166-AHg templates are the most favorable,
hosting 5 and 6 high-T structures, respectively. In addition,
although structures containing H, molecules are typically in-
sulating, we do find a few high-T, structures for templates
with H, molecules: S3-166-A;Hg (Na, Sc, Mo), S2-166-
A1H; (As), and S4-221-A;Hg (Y), as well as L1-221-AH;
(Li) and L2-225-A;H; (Be). It is interesting to note that,
although the starting S2-166-A;H,, S3-166-A;Hg and S4-
221-AHg templates are S-type, the corresponding high-T7,
structures formed with different A elements (listed in Table I)
are not classified in the H, cluster, with the exception of
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TABLE 1. High-T. binary hydrides in DB2 (7. > 77 K). In some
cases, the M3-229-A,Hg and M4-166-AHg relax to the same struc-
ture, as indicated by the asterisks enlisted at the bottom of the table.

HDOS-

Template Cluster Formula  Frac A g (K) T, (K)

S2-166-A;H, HTC  AsH, 028 150 720 82
MI1-223-A,H; HTC  GaH; 069 096 1258 83
M6-139-A;H, HTC  YH, 044 098 1289 87
L2-225-A\H, HTC  BeH, 022 168 724 91
L1-221-A\H, HTC  LiH, 086 821 38 91
S3-166-A/Hs  H, NaHs 090 295 516 92
M3-229-A;Hs TMs NbHs 026 252 580 96
$3-166-A;Hs HTC  ScHs 040 138 938 98
S4-221-A\H, HTC  YH; 026 269 611 104
M7-229-A;H; HTC  SeH; 047 1.02 1461 105
L3-064-A,H, HTC CIH, 055 128 1090 105
S3-166-A;Hs TMs  MoHs 048 220 763 117
M1-223-A;H; HTC GeH;[47] 024 156 1037 123
M6-139-A,H, HTC  SrH, 091 231 844 133
M4-166-A,H, HTC  SrHj 094 142 1262 137
M3-229-A;Hs HTC  ScHe 033 193 1026 144
M5-221-A;H; HTC  SiH; 038 141 1345 144
M3-229-A,H, HTC  YH; 048 192 1323 185
M7-229-A,H; HTC  SH; 047 1.85 1371 186
M3-229-A,H¢ HTC  CaHy 096 228 1259 197
M2-191-A\H, HTC  LiH, 0.99 1.98 1406 201
M3-229-A\Hy HTC  MgH, 073 3.02 1260 228
M4-166-A;Hg* TMs  NbHs 026 252 581 96
M4-166-A;H¢* HTC  ScHs 033 192 1026 144
M4-166-A;Hg* HTC  YHs 048 192 1323 185
M4-166-AH¢* HTC  CaHy 096 228 1259 197
M4-166-A Hg* HTC ~ MgH, 072 3.02 1260 228

NaHg (S3-166-AHg). This indicates that unbiased classifica-
tion based on unsupervised clustering has a clear advantage
over human assumptions.

To better discuss the correlation between other observables
and T, it is useful to look at aggregate data. In Fig. 4 we
show histograms with the distribution of BM,, dun, og, and
HDOS, broken down into low-T. (blue) and high-7; (red),
with the same meaning as Fig. 3. While low-T, structures
are uniformly distributed with respect to these four variables,
it clearly emerges that high-7, ones are concentrated in a
narrow range of parameters. In particular: 500 < BM, <
700 GPa, 0.8 < dyu< 1.8 A, —0.4 < py < 0 arb. units, and
0.03 < HDOS < 0.06 states eV~'atom™~!. In other words,
if one or more of these four physical observables are in the
right range, this does not automatically imply a high-7,, but to
have high-T,, the observables have to be in the right range
(the conditions are necessary but not sufficient). The main
consequence is that, based on these observables, it would
be possible to predict whether a structure can be a high-T,
superconductor with high sensitivity, but one must be willing
to accept a significant fraction of false positives. Our result,
however, confirms that all high-7, hydride superconductors
share similar features: a relatively soft H lattice, where H-H
interactions are much weaker than in H, molecules, but still
strong enough to ensure H-H bonds (BM,, dun). This type
of bonding becomes possible when enough negative charge is

0.3 0.3
@) Behavior ®)
B Low-T,
0.2 High-T. 0.2
0.1 0.1
09460 600 800 1000 0.0 1 2 3
BM, (GPa) duw (A)
0.3 © 0.315 07
C
3
0.2 0.2 S i—|
0 200
0.1 0.1 T (K)
007510 -o5 00 095 00 0.05 0.10

oy (arb. units) HDOS (states eV-latom™1)

FIG. 4. Histograms of four quantities in DB2: (a) quasi-bulk
modulus BM,, (b) average nearest-neighbor H-H distance dymy,
(c) average residual Bader charge on the H atom (pg ), and (d) partial
H DOS at the Fermi level HDOS (see text). Compounds are divided
into low-T, (blue) and high-7, (red) structures. Inset: distribution of
T.’s in DB2 where the red dashed line indicates the threshold for
high-7. superconductivity, given by liquid nitrogen boiling tempera-
ture (77 K).

pumped into the hydrogen orbitals from other atoms acting
as reservoirs (og) [21,32]. Moreover, the resulting electronic
structure should also ensure that electrons in H bonds are
actively involved in the superconductivity pairing (HDOS).

IV. NEW SUPERCONDUCTORS

In this section, we focus on the vibrational and super-
conducting properties of the two high-T, hydrides discovered
by our approach that, to the best of our knowledge, are not
present in the literature: AsH, (S2-166-AH;) and SiH; (M5-
221-AH3). For these two structures we performed an accurate
study of the electron-phonon properties, including a detailed
convergence check. This study serve two purposes: charac-
terize the two newfound superconductors, and allow us to
estimate the accuracy of the high-throughput e-ph calculations
(details on the convergence are provided in the SM [23]).

In Fig. 5 we show the total and atom-projected Eliashberg
spectral function o 2F (w) at 200 GPa, along with the electron-
phonon coupling A(w), for AsH, (S2-166-AH,) and SiHj
(M5-221-A1H3). In both cases the Eliashberg function is dom-
inated by hydrogen modes, and the coupling is spread over the
whole phonon spectrum. However, in SiH; (M5-221-AH3)
some phonon modes exhibit a rather strong renormalization
due to the strong electron-phonon coupling (see Figs. 13 and
15 for the phonon dispersions in the SM [23]). The two phases
are strongly-coupled, hydride superconductors, with metallic
covalent bonds (As—H and Si-H), akin to H3S (see Figs. 10
and 12 for the electronic structure in the SM [23]).

From the Eliashberg function we calculated A and wiog. In
AsH; (S2-166-AH;) we obtain A = 1.55 and wj,, = 691 K,
which results in a 7, of 81 K using the McMillan-Allen-Dynes
formula, while in SiH; (M5-221-AHj3), we obtain A = 1.28
and wiog = 1307 K, and a T of 126 K. The converged results
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2.0 classification into three, physically-meaningful classes char-

acterized by (1) short H-H bonds (H;), (2) presence of p- and

15 d-block elements (TMs), and (3) a soft lattice with BM,, lower

3 than 800 GPa (HTC). The HTC cluster, in particular, hosts the
n 1.0 85% of the predicted high-T. superconductors.

S We believe that the adapted HT approach presents sev-

0.5 eral advantages towards the generation of a database of

0.0 conventional superconductors, compared to other approaches

available in literature [18,21]. First, it is computationally

1.5 ' T —126K efficient, as it avoids generating redundant data around

Si s ground-state structures that is typical of crystal structure pre-

- 10 0 diction methods [22]. Second, it is easy to generalize by

L% ----- adding any number of templates to the basis. Third, it rep-

i 05 resents a much more complete exploration of the possible

' chemical interactions. Fourth, it effectively favors supercon-

. ductors: 16% of all generated structures are superconductors,

O.OO 100 200 300 and 3% are high-T,, about two orders of magnitude larger

w (mev)

FIG. 5. Total (solid black line) and atom-projected (colored filled
lines) Eliashberg function, along with the electron-phonon coupling
M(w) (dashed black line) of AsH, (S2-166-A;H,) (top panel) and
SiH; (M5-221-A;H3) (bottom panel) at 200 GPa. Projections onto
As, H, and Si are shown in red, blue, and orange, respectively.

are in good agreement with those listed in Table I for both
AsH; (S2-166-AH;) and SiH; (M5-221-AH3): T, and A
are both within 10% of the converged values, which is an
excellent accuracy considering the high-throughput nature of
our work.

V. CONCLUSIONS

In summary, in this paper we introduced an adapted high-
throughput approach for the computational generation of
databases of superconductors, and applied it to binary hy-
drides at high pressures.

Our adapted high-throughput approach is based on the gen-
eration of template structures with crystal structure prediction
methods, carefully selected to be (i) as chemically diverse as
possible and (ii) high-symmetry. A database of structures is
then generated by substituting elements from the whole peri-
odic table in the nonhydrogen site of all structural templates.

The resulting Superhydra database contains 880 poten-
tial hydride superconductors (DB1), characterized by various
electronic, vibrational, and chemical properties; the 139 dy-
namically stable and metallic compounds form a database of
superconductors (DB2), for which 7, was computed at the
McMillan-Allen-Dynes level. All data are available as a single
CSV file in the SM [23].

An illustrative data-driven analyses demonstrate that both
DB1 and DB2 are information-rich and provide deep phys-
ical insight into the chemistry of high-7, superhydrides. In
particular, we find that four observables, namely, the shortest
H-H distance, the quasi-bulk modulus, the average residual
Bader charge on hydrogen, and the hydrogen fraction of
the DOS at the Fermi level (dgn, BM,, py, and HDOS,
respectively) provide a set of necessary conditions for super-
conductivity. Based on unsupervised clustering, we propose a

than one would have expected for structures generated with
a structural search [18].

Overall, the adapted HT approach has proven to be a very
effective method to map the phase space of binary hydrides
and could be generalized to the more complex space of ternary
hydrides, to provide much needed insight on their chemistry.
As we have shown, a careful choice of the initial templates
is paramount to this end. Extension to other classes of con-
ventional superconductors is also straightforward, provided
a more general definition of features. Our hope is that the
Superhydra database will represent a much-needed first step
of a generalized effort to map conventional superconductivity
across the material space.
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APPENDIX: COMPUTATIONAL METHODS

1. First-principles Calculations

First-principles calculations based on density functional
theory (DFT) was used for (i) structural predictions and (ii)
adapted high-throughput runs. Both types of runs were carried
out using the Perdew-Burke-Ernzerhof (PBE) exchange-
correlation (xc) functional [48], with an external pressure of
200 GPa.

For the structural prediction runs, we used the plane-wave
based Vienna ab initio simulation package [49]. The atoms
were described by the inbuilt Projector Augmented Wave
potentials [50,51]. The geometric relaxations were carried out
through multistep runs with increasing kinetic energy cutoffs
of 400 and 500 eV. Further details can be found in the SM
[23].

054806-8



MAPPING SUPERCONDUCTIVITY IN HIGH-PRESSURE ...

PHYSICAL REVIEW MATERIALS 7, 054806 (2023)

For the high-throughput runs, we used the freely avail-
able plane-wave-based Quantum-Espresso-6.5 [52] pack-
age; atoms were described by Optimized Norm Conserving
Vanderbilt (ONCV) pseudopotentials [53], with a kinetic
energy cutoff of 90 Ryd. The Brillouin zone integration em-
ployed I'-centered Monkhorst-Pack (MP) 8 x 8 x 8 electronic
grids (k), with a Methfessel-Paxton smearing of 0.04 Ry.
Further details are provided in the SM [23].

2. Clustering

Data analysis and clustering was performed using the pan-
das and keras python libraries. The number of clusters for the
k-means algorithm was decided by examining the dendrogram
shown in Fig. 10 in the SM [23], constructed using agglom-
erative clustering with Ward linkage [54]. This led us to our
choice of k = 3. The other possibly sensible choice (k = 6)
led to less physically meaningful results, and was discarded.
The k-means clustering was then performed on the whole
DBI. This algorithm partitions the data into k clusters, each
centered around a mean value, as to minimize the variance
within each cluster. Conceptually, the algorithm is particularly
suitable when the data can be divided into groups such that
each group differs significantly from the others, while data
points within each group are similar.

3. Classification

To classify superconductors into high- and low-T, we used
a random forest (RF) classifier, as implemented in sklearn.

RF is a powerful ensemble method based on simple decision
trees. The choice of this algorithm was motivated by its rather
good robustness against overfitting, and the need for a simple
model, which could be trained sufficiently well on a little
over than 100 data points. We employed a randomized 80,/20
split in training and test set, with stratified sampling owing
to the significant class imbalance. Statistical significance of
the performance metrics was ensured by averaging over 100
iterations.

As a first step, we trained an initial model including all
the features in our database, except those directly related to
the critical temperature by Migdal-Eliashberg theory (7., A,
wiog), and analyzed the importance of each feature, based on
the Gini impurity decrease at each split, averaged over 2000
trees. The feature importance analysis is shown in Fig. 18 in
the SM [23]. The final choice of features (see Sec. Il C) was
motivated by a combination of this analysis and a physical
meaning of the features. In addition, we weighted the mi-
nority class (high-7;) 20 to 1, as to compensate for the class
imbalance, and improve the model recall at the expense of
precision.

As a second step, we optimized the hyperparameters us-
ing simple grid search. We found satisfactory results with a
maximum tree depth of 5, a minimum number of samples per
split of 4, and a number of estimators equal to 500, and a class
weight of 20 to 1 between the high- and low-T, class. This
adjustment is intended to bias the model towards sensitivity to
high-T, structures, at the cost of precision, and compensates
for the class imbalance of about 1 to 10 between high- and
low-T, structures.
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