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TOPICAL REVIEW — CALYPSO structure prediction methodology and its applications to materials discovery

The role of CALYPSO in the discovery of high-T;
hydrogen-rich superconductors”

Wenwen Cui(££330) and Yinwei Li(Z=E[a)
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Jiangsu Normal University, Xuzhou 221116, China

(Received 20 June 2019; revised manuscript received 5 September 2019; published online 30 September 2019)

Hydrogen-rich compounds are promising candidates for high-7; or even room-temperature superconductors. The
search for high-7; hydrides poses a major experimental challenge because there are many known hydrides and even more
unknown hydrides with unusual stoichiometries under high pressure. The combination of crystal structure prediction and
first-principles calculations has played an important role in the search for high-7; hydrides, especially in guiding exper-
imental synthesis. Crystal structure AnaLYsis by Particle Swarm Optimization (CALYPSO) is one of the most efficient
methods for predicting stable or metastable structures from the chemical composition alone. This review summarizes the
superconducting hydrides predicted using CALYPSO. We focus on two breakthroughs toward room-temperature supercon-
ductors initiated by CALYPSO: the prediction of high-T; superconductivity in compressed hydrogen sulfide and lanthanum
hydrides, both of which have been confirmed experimentally and have set new record 7. values. We also address the

challenges and outlook in this field.
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1. Introduction

Superconductivity, one of the most intriguing material
properties, has sparked countless studies since its discovery
in 1911.1" Superconductors are categorized as either conven-
tional (if their behaviour can be explained by the Bardeen—
Cooper—Schrieffer (BCS) theory?! or its derivatives) or un-
conventional (otherwise). Based on BCS theory, materials
with light elements are especially favourable for achieving
superconductivity because these elements provide high fre-
quencies in the phonon spectrum. This theory has under-
pinned the design of conventional high-7; superconductors.
For many years, the development of superconductors was re-
stricted by the Mcmillan limit,[*! which states that the maxi-
mum 7; in conventional superconductors cannot exceed 40 K.
To overcome this limit, scientists addressed the following two
questions. Are there conventional superconductors with Tt
above 40 K in nature based on the known materials? What
is the origin of the superconductivity? Ashcroft’s proposal
that solid hydrogen (H;) and hydrogen-rich compounds repre-
sent candidates for high-T;. superconductors provided a turn-
ing point.[*>] However, the metallization of solid hydrogen is
challenging experimentally. A claim by Dias and Silvera to
have observed atomic metallic hydrogen in the laboratory!S!
remains controversial.[”#!

Hydrogen-rich materials have become the main focus of
superconductor research because metallization can be real-
ized at lower pressures due to chemical precompression.!

DOI: 10.1088/1674-1056/ab4253

There are vast numbers of hydrides in nature, including
many known hydrides and many new hydrides that can only
be formed at high pressure. Therefore, discovering new
hydrogen-containing superconductors by using traditional
experimental methods based on trial and error is painstak-
ing, and time-consuming work. Consequently, theoretical
predictions are urgently required to guide the experimental
synthesis of high-T; superconductors. The key to designing
H-containing superconductors at high pressure is to deter-
mine the crystal structures. Crystal structure AnalYsis by
Particle Swarm Optimization (CALYPSO)!°~!!] is one of the

most efficient structure prediction methods, and only needs the
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Fig. 1. Calculated and experimental 7 values of hydrogen-rich supercon-
ductors by year of publication. Solid red circles denote the calculated 7. of
hydrogen-rich superconductors predicted by CALYPSO. Three experimental
results are denoted by green squares, a blue triangle, and a pink diamond.
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chemical composition and external conditions, such as pres-
sure, to predict stable and metastable structures in combination
with first-principles calculations.!'>"'81 CALYPSO has the-
oretically predicted large numbers of superconductors,!1%20]
some of which have been confirmed experimentally.

Given the accuracy and fruitful results of CALYPSO in
searching for high-7; superconductors, we present a review
of the recent advances in the CALYPSO prediction of super-
conducting hydrides at high pressure (Fig. 1). Experimental-
ists have attempted to obtain many predicted superconductors,
among which hydrogen sulfides!?!! and LaH;¢!?>?3! have set
record T; values of 203 K and 250 K, respectively.

2. Superconductors predicted by CALYPSO

CALYPSO in combination with first-principles calcu-
lations has predicted many hydrides with high 7; val-
ues, including alkaline earth metal hydrides (e.g., CaHg,[**]
MgHg 1), rare-earth metal hydrides (e.g., YHs,?®! YHj,
and LaH;o!?"-?8]), transition metal hydrides (e.g., NbHy,[*!
VHg, 3% TcH,,B!" WHs, and WH;g!*?!), boron group hy-
drides (e.g., GaH3[*3), tetragen hydrides (e.g., SiH4P¥
and PbHg [35]), pnictogen hydrides (e.g., PH;,[30] P4H6,[37]
and AsHg P8, chalcogen hydrides (e.g., H,S,B1 HyS;, 140
HsSe,*!l HyTe, and HsTe,*?!), halogen hydrides (e.g.,
HBr*! and HCI*Y), and noble gas hydrides (XeH,*)).
These hydrides have a wide range of 7, values up to
326 K. The compressed hydrogen sulfides’®” and lanthanum
hydrides?”-?8] have been synthesized experimentally.?!-23]
Thus, we discuss these two breakthrough compounds in de-
tail.

Fig. 2. Typical structures predicted by CALYPSO in sulfur hydrides:
(a) P1 HaS (90 GPa), (b) Cmca H,S (170 GPa), (d) P2;2,2; H3S,4
(25 GPa), and (d) Pnma H3S4 (100 GPa). The small pink and large
yellow spheres represent hydrogen and sulfur atoms, respectively.

2.1. Hydrogen sulphide: the first example of a predicted
superconductor confirmed experimentally

As a typical molecular system, H,S crystallizes in three
different phases at ambient pressure.*%#”1 Under high pres-
sure, more complicated phases emerge theoretically and

experimentally, 4341 but these remain elusive.?”) H,S was
not initially identified as a promising superconductor because
it was expected to dissociate into its constituent elements at
high pressure (80 GPa) before metallization.’%3!! Tn 2014,
CALYPSO predicted that H,S is thermodynamically stable up
to at least 200 GPa. In addition, the structure predictions also
identified two metallic phases with space groups P1 (Fig. 2(a))
and Cmca (Fig. 2(b)) that are stable above 80 GPa and are su-
perconductor candidates with estimated 7. around 80 K.
Inspired by this prediction, Drozdov et al.>!1 compressed the
sulfur hydrides in a diamond anvil cell. They detected super-
conductivity by a sharp drop to zero resistance and magnetic
susceptibility measurements. The measured 7. was sensitive
to temperature, which suggested that there was a low-T; phase
with 7. of 33-150 K at 110-220 GPa when the samples were
prepared at low temperature (< 100 K) and a high-T; phase
with T; of 203 K when the sample was heated to room tem-
perature. Drozdov et al. did not identify the two phases, how-
ever, they suggested that the low-7; phase was H,S because it
agreed well with our predicted results.>")

Many subsequent studies investigated the origin of the T;
value of 203 K. Theoretical studies reported that the high-7;
phase originated from H3S, formed by the decomposition of
compressed H,S at high pressure.>>81 H3S was first synthe-
sized in 2011 by Strobel et al., and then was predicted as a
superconductor with a high 7, of ~ 200 K,P% close to the
experimentally observed high T, value.”?!) The decomposi-
tion product of compressed H,S was studied under high pres-
sure by first-principles structure predictions and x-ray diffrac-
tion (XRD) experiments.[*? In addition to H»>S and H3S, CA-
LYPSO predicted new stoichiometries of H>S3, H3S,, HS,,
and H4S3. Based on these results, a possible dissociation path
for H,S of 8H,S — S + 4H3S + HyS3 was proposed and con-
firmed by high-pressure XRD experiment. This was also the
first demonstration of the partial decomposition of H,S into
H3S at high pressure. The co-existence of H3S and H,S pro-
vided direct evidence that explained the experimental observa-
tion of two superconductive phases. The P212,2; and Pnma
structures of H4S3 are shown in Figs. 2(c) and 2(d), respec-
tively, and the Pnma phase is superconducting with 7; of ~2 K
at 140 GPa.

The mechanism of the superconductivity at 203 K
in compressed hydrogen sulfide at high pressure has
been widely studied to aid the design of new high-T;

52.58-60]1 Several theoretical studies revealed

superconductors. !
that covalent bonding plays a key role in the large electron—
phonon coupling.!%1-631 To establish the relationship between
T. and covalent bond strength, we constructed a hypothetical
compound, HgSSe, by substituting half of the S atoms in H3S
with Se atoms.[0?! Using the unbiased CALYPSO method,
we identified three dynamically stable structures (Figs. 3(b)—
3(d)). These three structures retain the main Im3m cubic

framework of H3S (Fig. 3(a)) with different Se substitution
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positions, leading to the formation of covalent S—H and Se-H
bonds with different bond strengths. To investigate the effect
of covalent bonding on the high T; of chalcogen hydrides, we
plotted T as a function of bond strength reflected by the Lapla-
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' ' ' j
' ' h
250 g d -a-T, ' '
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cian V2p (Fig. 3(e)). T decreased from 195 to 115 K as the
strength of the weakest covalent H-S or H-Se bond in each
structure decreased, indicating that strong covalent bonds are

important in determining the high 7; of the H3S system.

Im3m Pm3m Cmmm Fd3m

100 -

50

Vi (€A™

Fig. 3. (a) Im3m structure of H3S and the predicted (b) Pm3m, (¢) Cmmm, and (d) Fd3m structures of HeSSe at 200 GPa. (e) Ty and
electron—phonon coupling constant A as functions of bond strength of the weakest covalent bonds in H3S and HgSSe.

2.2. Clathrate hydrides: a leap to room-temperature su-
perconductivity

2.2.1. LaH

Hydrogen sulfide superconductivity is not the only pre-
diction that has been confirmed experimentally.>!l In 2017,
two separate CALYPSO studies of lanthanum hydride sys-
tems revealed new compounds with stoichiometries of LaH3,
LaH,4, LaHs, LaHg, and LaH;g, as well as the known com-
pound LaH,.[?”28 LaH;, was predicted to be dynamically
stable above 220 GPa with a face-centred cubic (fcc) struc-
ture (space group Fm3m) that was a unique Hz, clathrate-like
structure, consisting of four H squares and 12 H hexagons
(Fig. 4(a)). The T of LaH;o was estimated to be 257-274 K
at 250 GPa, which is close to room temperature. The aston-
ishing predicted 7. in LaH;o prompted these hydrides to be
experimentally synthesized. Just after the theoretical work
was published, Geballe et al.!®¥ synthesized the lanthanum
superhydrides LaH g+, (—2 < x < 1) by directly compress-
ing La and H; samples at 170 GPa and 1000 K. They sub-
sequently published a different synthesis route using ammonia
borane (NH3BH3) as the hydrogen source,??! which produced
LaHjo, at pressures of 180—200 GPa. They observed sharp
drops in resistivity when they cooled the samples to 260 K,
which indicates the superconducting transition. Drozdov et
al.'>) also reported the superconductivity of fcc LaH;o with
T of 250 K at 170 GPa, synthesized by direct reaction of lan-
thanum and hydrogen under high pressures. The supercon-
ductivity was supported by the observation of zero resistance,
the isotope effect, and a decrease in 7 upon the application of
an external magnetic field. Previously, they had reported a T,
of 215 K in lanthanum hydrides, [®>! which may correspond to
other LaH,. phases. The measured T, of 250-260 K from the

two independent experiments agree well with the predicted 7.

of LaH;,?"-28] which demonstrates that CALYPSO is a pow-
erful tool in the search for high-7; superconductors.
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Fig. 4. Clathrate hydrides predicted by CALYPSO. (a) Fm3m
La(y)H;o, (b) Im3m Ca(y)Hg, (c) P63 /mmc Sc(Y, Ce)Ho, and (d) Fm3m
LizMngﬁ.[é(’] The building block metal atoms centred in the H3,, Hog4,
Hyg, Hjg and Hpg cages are also shown in each panel.

2.2.2. Other clathrate hydrides

LaH|o was not the first structure containing an H-cage to
be predicted. In 2012, Ma’s group used CALYPSO to pre-
dict that a new calcium hydride, CaHg, could be synthesized
by compressing elemental calcium and hydrogen or CaH; and
hydrogen. >* In the CaHg structure, hydrogen atoms linked by
weak covalent bonds form a clathrate with a calcium atom at
the centre (Fig. 4(b)). This unique body-centred cubic struc-
ture had a predicted 7 of 235 K at 150 GPa, which was the first
time that a 7 of more than 200 K was predicted for a hydride.
Later, this type of structure was also found in yttrium hydrides.
In 2015, using CALYPSO, we predicted that a yttrium atom
can react with six hydrogen atoms to form YHg at 120 GPa
with the same structure as CaHg and a higher T, of 264 K, 20!
approaching room temperature. In 2017, in the same study
that predicted LaH;o, YH;o was predicted to have a T of up

to 305-326 K at 250 GPa, surpassing room temperature.27-28]
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Ref. [28] also found that H atoms could form different cages
in the rare earth (RE = Sc, Y, La, Ce, Pr, etc.) hydrides, such
as, Hys in REHg, Hy9 in REHy, and H3, in REH o (Fig. 4).
Surprisingly, it is also demonstrated that the calculated 7; for
the clathrates increases with increasing H cage size. For exam-
ple, YHg, YHo, and YH ¢ have T of 264 K (120 GPa), 276 K
(150 GPa), and 303 K (400 GPa), respectively. Other RE hy-
drides, LaHg, CeHy, CeH;g, and PrHg, had much lower T
(< 56 K) due to the higher mass of the RE elements, although
ScHg and ScHg had T; of ~ 190 K. Liang er al. used CA-
LYPSO to predict the ternary clathrate hydride, CaYHj,,®’]
which had a similar H clathrate structure to YHg and CaHg
and possessed a T, of 258 K at 200 GPa.

Ma’s group predicted a clathrate structure in ternary hydride,

More recently,

LioMgH %! with space group Fm3m (Fig. 4(d)), which con-
tains Li-centered H;g cages and Mg-centered Hpg cages. In
particular, it exhibits a 7; of around 473 K at 250 GPa, the
highest ;. in all the hydrides, which provides the possibility to
obtain superconductivity even higher than room temperature.

3. Other superconductors

Owing to the high-T;. superconductivity of hydrogen sul-
fide, hydrides of elements neighbouring S, such as P,136-38.68,691
Se,[*! and Te,*?! have been investigated.

3.1. Phosphorus hydrides

Just after the experimental observation of superconduc-
tivity in compressed H»S, Drozdov et al. compressed PH3, 0]
an analogue of H, S, and observed a high T; of ~ 100 K around
200 GPa, indicated by the abrupt drop to zero resistance. How-
ever, they did not identify the origin of the superconducting
phase. Analogous to the decomposition of hydrogen sulfides,
PH3 may also decompose to new P-H compounds. Hence,
it is important to search for new structures and stoichiome-
tries to explain the origin of the 7; of ~ 100 K. CALYPSO
structure prediction has been vital in exploring the origin of
the superconductivity in phosphorous hydrides. In 2016, Liu
et al. performed a structure search in the PH, (x =1, 2, 3, 4,
5) system at high pressure with CALYPSO.3®! The P2,2,2,
(<210 GPa, Fig. 5(a)) and C2/m (> 210 GPa, Fig. 5(b)) phases
of PH3 were discovered at high pressure. The calculated T
of the C2/m phase was 83 K, which agreed well with the ex-
perimental results. However, these two phases were predicted
to be energetically unstable, and decomposed into P and H at
high pressure.

Wang’s group explored the decomposition of PH3 at high
pressure via a combination of experiments and CALYPSO
prediction.?”] XRD and Raman measurements showed that

PH3 underwent decomposition at high pressures to produce

a new stable compound, PsHg. P4Hg is generated stepwise.
First, dimerized PH; decomposes to PoH4: 2PH3 — PoHy+
H,. Then, P4Hg is generated by the further decomposition
of P,Hs: 2P,H4 — P4Hs+ Hj. At low temperatures, P4Hg
can be observed up to 200 GPa. [701 However, the exact struc-
ture could not be determined experimentally. CALYPSO pre-
dicted the metallic structures of P4Hg to be Cmcm (< 182 GPa,
Fig. 5(c)) and C2/m (> 182 GPa, Fig. 5(d)). In addition, the
T, of the C2/m phase was estimated to be 67 K at 200 GPa,
which agreed with the measured T, indicating that P4Hg could

be the superconductor observed experimentally by Drozdov et
al.l’"!

3.2. Other chalcogen hydrides

In 2016, Ma’s group used CALYPSO to predict three
metallic stoichiometries of HSe,, HSe, and H3Se, all of which
exhibit superconductivity.[*!! H3Se had the same cubic struc-
ture (Im3m) (Fig. 3(a)) as H3S and had a predicted 7, of 110 K
at 250 GPa. Although H3Se and H3S have the same structures,
the spectral functional are different because the Se atoms are
heavier, which contributes to the lower 7;. In the same year,
they identified three metallic stoichiometries of H4Te, HsTe,,
and HTes. Unlike the covalent bonds of H-S(Se) in H3S(Se),
the H-Te bonds in tellurium hydrides are ionic bonds.*?! Es-
pecially, P6/mmm HsTe (Fig. 6(a)) contains elongated “Hy”
molecules, which is a superconductor with estimated 7; of
104 K at 170 GPa. While HsTe,, with space group C2/m
(Fig. 6(b)), has a relatively lower T; of 58 K at 200 GPa.

Fig. 5. Structures of phosphorus hydride compounds predicted by CA-
LYPSO. (a) P2;2,2; PH3, (b) C2/m PHs, (c) Cmcm P4Hg, and (d)
C2 / m P4H6.

3.3. Other hydrides

In addition to the typical hydride superconductors, CA-
LYPSO has predicted other hydrogen-containing supercon-
ductors (Fig. 1) such as GaHjs,[33! NbH4,?! BeH,,!"!]
PbHg,% SiH,, 4 HCL 4 HBr, #3441 AsHg,[38 SbH,, B8
TcH,, B Zr-H, 721 Sc-H, 73] Xe-H, 4] V-H, 3% H;3S5Xe, 74
W-H, B2 and MgSiHﬁ.WS] However, their T, values are low
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(10-140 K). Thus, we do not discuss them in detail in this re-

view.
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Fig. 6. Structures of tellurium hydrides predicted by CALYPSO. (a)
P6/mmm HyTe and (b) C2/m HsTe;.

4. Summary and outlook

We have summarized progress in high-7; superconduc-
tors predicted by CALYPSO, and described the prediction
of H,S and LaH;¢, which stimulated subsequent experimen-
tal studies. The observed T values of these compounds of
250-260 K pave the way to room-temperature superconductiv-
ity. Crystal structure prediction has been important in finding
high-T. superconductors. Because theorists have calculated
T:. of binary hydrides for most elements in the periodic table,
research can now focus on ternary hydrides as the next area
in which to discover superconductors, however, the computa-
tional burden for these studies will be far higher. Experimen-
talists still face the challenge of synthesizing theoretically pre-
dicted materials. Furthermore, reducing the pressures at which
superconducting phases appear is also a major challenge, so
that superconductivity can be observed outside of diamond
anvil cells and used in practical applications. The search for
superconductors with higher 7; is another area of research. For
example, predicting clathrate structures with larger cages may
be a possible route to higher-7; superconductors.
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