US 20230371403A1

a9y United States

12y Patent Application Publication o) Pub. No.: US 2023/0371403 Al
Dias et al. 43) Pub. Date: Nov. 16, 2023

(54) SUPERCONDUCTING MATERIALS AND (86) PCT No.: PCT/US2021/0437835
METHODS OF MAKING THE SAME $ 371 (c)(1)

(71) Applicants: University of Rochester, Rochester, (2) Date: Jan. 27, 2023
NY (US); THE BOARD OF Related U.S. Application Data
REGENTS OF THE NEVADA
SYSTEM OF HIGHER EDUCATION (60) Provisional application No. 63/058,324, filed on Jul.
ON BEHALF OF THE UNIVERSITY 29, 2020.
OF NEVADA,, Las Vegas, NV (US) Publication Classification
(72) Inventors: Livanagamage R. Dias, Rochester, NY (1) Int. CL
(US); Ashkan Salamat, Las Vegas, NV HION 60/85 (2006.01)
(US) HION 60/01 (2006.01)
(52) U.S. CL
(73) Assignees: University of Rochester, Rochester, CPC HION 60/85 (2023.02); HION 60/01
NY (US); THE BOARD OF (2023.02)
REGENTS OF THE NEVADA (57) ARSTRACT

SYSTEM OF HIGHER EDUCATION
ON BEHALF OF THE UNIVERSITY Superconductive materials and methods of making the same

OF NEVADA,, Las Vegas, NV (US) are described, in which the superconductive matenials are
grown on a crystalline substrate having lattice parameters
(21) Appl. No.: 18/018,542 that 1impart a strain on the superconductive materials that
reduces an applied pressure at which the superconductive
(22) PCT Filed: Jul. 29, 2021 materials exhibit superconductivity.

500 ~
Y

o001

Effusion Cel
Placement

Sublimation

Condensation

Nuciealion

RHEED
Moniforing




Patent Application Publication

@©
-
9
{0
=
@
&
-
k™,
>
.
>
[
U2

a4 e o . = oms . 1
- . . - . . . r . - . r -
- - . - . . .
.h LT . *,. [ 'Y R h .h . b [ ]
. " . - . " . - . .
- [ . - - - \ - - . . P " -
- (i - - e [ i -t
L PRI I LI o = T LI L R | o o
. . x5 . . - . . . . & r ¥ - . - - . . x5
oy . . - . . oy . - ' . oy '] . . . -
r - " . - -+ . - 1) . . - . -+ .
e x . . . . - & . & - -
" - 13 v ElL e AR - B - Bl i h - 3 . .

SRR O ERDRR o

- [ 3
il P el il T N R s - P S N R - - h o= PRl S P il P [

SRR R T

. ] . . . ] . . - . . .

_ L i L L n AL l‘_ - L T I R A ac
- . . - . » r il & . . . I

- . . - A - o o= . - . . r . . .
- . - . . - . - . " . " -

. P Lt P i o et e e Tl R STy STy Pl vl

P e m e . . .L;. o's P Y . . " m e .

. 1 . . . . r - . 1 . L] - ] 1 L -
- 5 - - . - . ,ﬁ ' . o o= - 2o roon .
-'ﬁ.- ) ‘%‘. '$'- : - ‘. : 1'&‘ -‘ﬁ:r ~$‘ :ﬁi T + T 'E‘

L) ] . - b . L] - . L) . * . L) . L) -
et e T [l PRl et T - - - . .

POME OB OB RO ¥ OB R W 3

SN NN
oW OCHRE R OORDOERD W ONE el

R ENEEEEN L B

o

PR E E R R W R R R

Nov. 16, 2023 Sheet 1 of 5

Substrate

US 2023/0371403 Al

I1G. 1



US 2023/0371403 Al

Nov. 16, 2023 Sheet 2 of 5

Patent Application Publication

UOIoNPaY
Buineds JIuoNy-iaiu)

[ K |

VRS
yolewstipy sonie

e A

¥
*
+

O B
M MMM
. b *I.*. '

*4**_-" " = "'- S W

ar ",

* . . .

e ottt

4#4#4#4&%%&4&.&#4}.4#4.

) L

Ll e S ]

. 3 -

...4.”“4.... . . L...q.q._...”_.l

. . .

a i dr g 4 dr dr .
T R
iRk h R R
LA A e F T Yy E Ty yYr e rw Y W row i
EC o O el
.-..-..-..-..-..4.-_.....-. . . . . . . . . . 1r.-..-..-..-..-..-..-..r.__

LIC 3L O 3 .-..“.-. -
[ ] ]
" ||||||||||||||||||||||| "
[ ] ]
1 ]
Sl - - - N N Sl - - - N N
L]
]
k-
ror

1.1
PR
r e
L]
L]
]
. .
- I
A A e rg
e P e
.............................................................
...............
r e e re e e e r e e
- r - P P
N e e N . e e e
N - r .

A 1 . s L
.._...__.“.__.H...H.___.r. .._.....H...”.__.H.___.q ._.....H...H.__.H.___.q. i ___“.__.H.__.H_...._._.
Rl 3 R Rl L ) R
Ll bl ) LAl ) Ll bl Eal 2l

g g L g g g g g g gy g
L a ety oAt AL atatatat
. . . . ol
. .

-
»
»
»
»
»
o
]
-
»
»
»
n

- . T
gy
. L]

T

-

T

=

L}

] T L T A kR

e . AN
Ry R ooy
.l..-.l..-.l..-.l..-.l..-...l:..!..l:.l:.l:.l:.l:.l,..l:.l:.l,..l:.l:.l_....l......-.l..-.l..-.l.l.l..-.l.r.l:.l,..l.....l_...._-_,..l.....l_.....-_....l.....l_.....-_,..l.....l_...._-_,..l.....li..-.l..-.l.l.l..-.l..l,..l_...._-_,..l.....l:.le.l:.l:.la.l:.l:.lei:.l:.le.l:.l.i.-.l..-.l.l.l..-.l..-.‘
D L EL L N EL L & o & & &
- - . [ 3 - -

rl..-......-_”..-. . -_”..-..-..-..”...__ - 1-_1..-......-.._-..-. - .....-..-..-.”..-_l.

B o e s W i Lo
R Ros e Bstes
..l.“l.”l.“l.“l.._l..l..l..l..l..l..l..l..l..l..l..l..l..l..l..l. 4“4”4”4“4...--.!.--.!..l..l..l..l..l..l..l..l..l.._.l.“l.”l.“l.“l.“l..l..l..l..l..l..l..l..l..l..l..l..l..l..l..l..i.“l.”l.”l.“l.”.
. - a . .

- i o e i & & & & i & & i &

L LA LI CEE s

uiens oN
YIJEN SOHIET

)
a
*
-
-
)

e ity

*

i
5

J.l:i
s
.:!:..

-

L}

T T e e e I L i S S S B

L. . LoEE PR R . Lo
i SoE < __..“.____ Y .____..-. .. - .l..". - .-."...__.
K e . L3 _ﬂ-_ “ T .Llh..._.l.. . .I.r__ .ﬁ.__ ﬁ_p.
R R R . .ﬁ‘_ g g AT + "
K R o T . C A Comg e o N .
R e IR T L I St g

LR FOR U W IR I TR T " LU RN W
..n.”rw_,”-n.. R R N ..n.”_-._.v.-u... R D .ﬁ.”ﬂ‘.qun” . X
. . o . -~y . . e . - -~ . . . e N - -
LR - S . A I * S IR A R I N
oL L " T M - ﬁ‘_ - A D .ﬁi " U A
e O SR " " B &M

" " I e e L L R e LD T . s L

e LT oL e e ‘m o . b i I I
PR e T P T et
”.-_ . l.. . .l-_.. .ﬂﬂ_r.lﬂ.i - H.-.. . M . .t".ﬁ___ __..."..._ - .__....-.. __...-.I... o .-1_.. .ﬁ. .-.."..._
Y M, -, A SRR | .._...-..Ih. LR R . ML, w - Fo

. A . PR A PR . A PR
S RO TR B TRt Sedl R I Bl R A it

SIBAISONS

[eLeIe
SPUPAH PHOS



US 2023/0371403 Al

?#ﬁ.nntvr?#
._..a..n..n.ﬁhv.u._..n.#

.......................

U {[20) UCISTIYS

L g gy ol Rl By Vﬁwh . .p. ._n_ RO S m. =
-l ' L AL W k L L~ ) ‘ol 7ol =N ]
: b, arle e N T T, S, R e ..“.,“_.“ MWW A e e W

Vﬂ.#.ﬂ.ﬂxvv#ﬁ.
h.vﬁ.rah._..hu.?# ] n

;g ._+:.1x., . q_v‘ *. - ..n * " _ﬁ .n._ .__n .m .__n u._. .........................................
LA AR f 3 M_._...n_ 5t w... , : :
0 S KA .....; B e : 4 : L {20 UOISTIHSE

e _____F o r3 .n. FRR AR " BE R IR .n. .
R Y A A i T w-...%&...# e S BN R S - S -

Nov. 16, 2023 Sheet 3 of 5

._:.f.?.ﬁnuc.._._...._..a.
x%!.hp..ﬂ..{art-}hht.aﬁf

ajensgng
[eLisle SpUPAH DHOS

Patent Application Publication



US 2023/0371403 Al
AN
(&
o
b

 ka w Ol

L )

.___i-r.”..___..__._._....__.....r...“r.... -
L N ke

N td

N )

h..-.”.I..__......1...!.-.__..-.....1 - -

- -I-lu.l - e

e A LULTLLT L Ut Ut . . .
..._..._...-..-..-.r.-..rr.r?rl.l.l.__.._.__._..___..__....._...._.....
. A . '

FE R R e e ke e e s aaa

Nov. 16, 2023 Sheet 4 of 5

e
. ] .
.- W .
. R
. F -
P r—..l—..- ...
L .
[
'.—..l —..- .-
F e
F ] .
. .T.—..! —..J. .
B |
. . i -
..l—..- ...
> k.
. " .. " &
et e .!.-.H.-.H.r.-..-
. aa-
r F 1]
L tl.—ln_-..-.q.__ gt
w1 om Ao
F
.
r .
-.-
..o
-
[ A
7.
Fo.

AHK 10 angng

Patent Application Publication



US 2023/0371403 Al

UOHE3ONN

FOG SIBASONS OU0
| uoHRSURPUOY

Nov. 16, 2023 Sheet S of 5

UoReusigns

Bunosies

W/., 80%

Patent Application Publication



US 2023/0371403 Al

SUPERCONDUCTING MATERIALS AND
METHODS OF MAKING THE SAME

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of U.S. Provi-
sional Application No. 63/058,324 filed on Jul. 29, 2020. It
also has some subject matter relationship to International
Application Number PCT/US21/4244°7, filed on Jul. 20,
2021. To the extent permitted 1n applicable jurisdictions, the
entire contents of these applications are incorporated herein
by reference, as are all publications cited below.

BACKGROUND

[0002] The present disclosure relates to superconducting
materials and methods of making superconducting materials
using molecular-beam epitaxy (MBE).

[0003] Superconductivity has been known for over 100
years. However, materials developed to date do not exhibit
superconductivity at ambient conditions that are sufliciently
close to those necessary for many practical applications.
Developing materials that can exhibit superconductivity at
commercially viable temperature and pressure conditions 1s
necessary to leverage the significant potential benefits of
superconductivity on a larger scale.

SUMMARY

[0004] The search, synthesis, and structural and physical
characterization of novel metal superhydrides with high
superconducting transition temperature needed for observa-
tion of room temperature superconductivity (RTSC), and an
understanding of how to access metastable pathways to their
recovery to ambient conditions, 1s critical for the advance-
ment of material science and energy transmission technol-
ogy. Limitations with the energy storage produced from
renewable energy technologies may be overcome with
superconductors providing an extremely eflicient means of
storing and recovering energy on demand, as well as a
method for transferring energy over long distances. A robust
superconductor, suitable for the construction of Josephson
junction quantum logic gates that can operate at higher
temperatures has the potential to provide a revolutionary
new switching mechanism for computing.

[0005] Moreover, many of today’s quantum systems (e.g.,
involving qubits, superconducting materials, topological
systems, etc.) can be diflicult to reliably interface with
classical (e.g., non-quantum) systems, 1n part due to steep
thermal transitions. In this regard, the scalability of these
complex systems can be severely limited by the challenges
of managing their heat loads under cryogenic operating
temperatures. Reliable non-cryogenic or even room-tem-
perature quantum components will help overcome many of
these difhiculties, and these materials will be integral to
quantum computing systems (e.g., to permit the coherent
manipulation of electrons 1n spin-based quantum comput-
ers ).

[0006] While higher temperature conventional supercon-
ductivity 1n hydrogen-rich materials has been reported 1n
several systems under high pressure (see, Drozdov, A. P.,
Eremets, M. 1., Troyan, 1. A., Ksenofontov, V. & Shylin, S.
I. Conventional superconductivity at 203 kelvin at high
pressures 1n the sulfur hydrnide system, Nature 5235, 73-76
(2013) (*Drozdov 17); Drozdov, A. P. et al. Superconduc-
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tivity at 250 K 1n lanthanum hydride under high pressures,
Nature 569, 528-531 (2019) (*Drozdov 27°); and Somaya-
zulu, M. et al. Evidence for Superconductivity above 260 K
in Lanthanum Superhydride at Megabar Pressures, Phys.
Rev. Lett. 122, 27001 (2019).[4] B1, T., Zarifi, N., Terpstra,
T. & Zurek, E. The Search for Superconductivity in High
Pressure Hydrides, in Reference Module in Chemistry,
Molecular Sciences and Chemical Engineering (Elsevier,
2019), do1:10.1016/B978-0-12-4095477-2.11435-0), these
materials do not exhibit superconductivity at a combination
of pressures and temperatures needed for most commercial
applications. The present disclosure addresses this need.
[0007] Superconducting structures and methods of manu-
facturing the same are provided herein.

[0008] In some aspects, the present disclosure provides
methods comprising providing a crystalline substrate includ-
ing a growth surface having a set of lattice parameters; and
growing, on the growth surface, a solid hydride matenal,
wherein the set of lattice parameters impart a strain to the
solid hydride maternial that reduces an applied pressure at
which the solid hydride material exhibits superconductivity.
[0009] In another aspect, the present disclosure provides a
superconducting structure, comprising: a crystalline sub-
strate including a growth surface having a set of lattice
parameters; and a solid hydrnide matenial formed over the
crystalline substrate, wherein the set of lattice parameters of
the crystalline substrate impart a strain to the solid hydrnide
material that reduces an applied pressure at which the solid
hydride material exhibits superconductivity.

[0010] In some embodiments, the solid hydride material
comprises a metallic crystal including a metal or carbon,
sulfur, and hydrogen. In some embodiments, providing the
crystalline substrate comprises growing a diamond structure
by chemical vapor deposition. In one embodiment, the
growth surface 1s parallel to a (110) lattice plane or a (121)
lattice plane of the diamond structure (note that *“(110)” and
“(121)” denote Miller indices for the lattice planes).
[0011] In some embodiments, providing the crystalline
substrate further comprises replacing carbon atoms of the
grown diamond structure by substitutional doping with
boron (B), sultur (S), phosphorus (P), hydrogen sulfide
(H,S), or a combination thereof. In some embodiments, the
substitutional doping comprises focused ion beam deposi-
tion of B, S, P, H,S, or a combination thereof.

[0012] In some embodiments, growing the solid hydride
material comprises depositing, via molecular-beam epitaxy,
constituents thereof.

[0013] In another embodiment, the solid hydride material
comprises a host-guest structure. In some embodiments, a
guest component of the host-guest structure includes a sulfur
hydride, a carbon hydride, or a combination thereof. In some
embodiments, a host component of the host-guest structure
includes L1, B, Be, Mg, Mn, Fe, Sc, N, Se, P Y, C, S, La, or
a combination thereof.

[0014] In some embodiments, the solid hydride material
exhibits superconductivity, absent the strain, at a first com-
bination of a first temperature and a first pressure. In another
embodiment, the solid hydride material exhibits supercon-
ductivity, due to the strain, at a second combination of a
second temperature and a second pressure, wherein the
second temperature 1s higher than the first temperature, the
second pressure 1s lower than the first pressure, or both.

[0015] In some embodiments, the solid hydride material
has an Im-3 m cubic or Cmcm orthorhombic crystal struc-
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ture. In some embodiments, the set of lattice parameters of
the growth surface are symmetrical with the crystal structure
of the solid hydride material.

[0016] In some embodiments, the strain reduces an inter-
atomic spacing in the solid hydride material. In some
embodiments, the inter-atomic spacing 1s an inter-hydrogen
spacing. In some embodiments, the inter-hydrogen spacing
is between 1.1 and 1.3 A.

[0017] In some embodiments, the solid hydride material
comprises a component covalently bonded to hydrogen and
having a coordination number of at least 6. In some embodi-
ments, the solid hydride material comprises a covalent metal
hydride. In another embodiment, the solid hydride material
has a hydrogen content that 1s higher compared to a largest
content possible as determined by formal oxidation states of
constituent elements of the solid at ambient conditions
absent the strain.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] FIG. 1 1s arepresentative schematic of a supercon-
ducting structure comprising a solid hydride material and a
crystalline substrate according to an embodiment of the
present disclosure.

[0019] FIG. 2 1s a representative schematic illustrating
crystal lattice mismatch-induced strain between a solid
hydride material and a substrate according to an embodi-
ment of the present disclosure.

[0020] FIG. 3 1s a representative schematic of an MBE
chamber with eflusion cells for different species used 1n
making the solid hydride material according to an embodi-
ment of the present disclosure.

[0021] FIG. 4 1s a crystal structure of an exemplary solid
hydride material according to an embodiment of the present
disclosure.

[0022] FIG. 5 1s a flow chart illustrating a method for
making a superconducting material according to an embodi-
ment of the present disclosure.

DETAILED DESCRIPTION

[0023] While the present disclosure 1s capable of being
embodied 1n various forms, the description below of several
embodiments 1s made with the understanding that the pres-
ent disclosure 1s to be considered as an exemplification of
the 1nvention and 1s not intended to limit the invention to the
specific embodiments illustrated.

[0024] The use of numerical values in the various quan-
titative values specified 1n this application, unless expressly
indicated otherwise, are stated as approximations as though
the minimum and maximum values within the stated ranges
were both preceded by the word “about.” It 1s to be under-
stood, although not always explicitly stated, that all numeri-
cal designations are preceded by the term “about.” It 1s to be
understood that such range format 1s used for convenience
and brevity and should be understood flexibly to include
numerical values explicitly specified as limits of a range, but
also to 1include all individual numerical values or sub-ranges
encompassed within that range as 1f each numerical value
and sub-range 1s explicitly specified. For example, a ratio 1n
the range of about 1 to about 200 should be understood to
include the explicitly recited limits of about 1 and about 200,
but also to include individual ratios such as about 2, about
3, and about 4, and sub-ranges such as about 10 to about 30,
about 20 to about 100, and so forth. Also, the disclosure of
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ranges 1s 1mtended as a continuous range including every
value between the minimum and maximum values recited as
well as any ranges that can be formed by such values.

[0025] One of the long-standing challenges in experimen-
tal physics 1s the observation of room-temperature super-
conductivity (RTSC). In the past decade there has been a
renaissance in materials discovery towards room-tempera-
ture superconductivity, for which extreme pressure has
proved to be the most versatile order parameter as 1t facili-
tates the production of new quantum materials with unique
stoichiometries and a mechanism for pressure mduced met-
allization. See, Bi1, T., Zarifi, N., Terpstra, T. & Zurek, E. The
Search for Superconductivity in High Pressure Hydrnides, 1n
Reference Module in Chemistry, Molecular Sciences and

Chemical Engineering (Elsevier, 2019) do1: 10.1016/B978-
0-12-409547-2.11435-0; Pickard, C. J., Errea, I. & Eremets,
M. I. Superconducting Hydrides Under Pressure, Annu. Rev.

Condens. Matter Phys. 11, 57-76 (2020)).

[0026] One of the most significant discoveries 1n reaching
RTSC 1s the pressure-driven disproportionation of hydrogen
sulfide (H,S) to H,S with a confirmed T of 203 kelvin at
155 gigapascals. (Drozdov 1). The syntheses of superhy-
drides at reduced pressures (e.g., significantly lower than
155 gigapascals) would enable transformative technologies
ranging from energy transportation to quantum computing.

[0027] Provided herein are superconducting materials
(e.g. superhydrides) and methods of making the same, that
can achieve superconductivity at commercially relevant
pressures and temperatures. The methods and materials can
exploit epitaxial strain from a lattice mismatch between a
solid hydride material and a corresponding crystalline sub-
strate on which they are formed to reduce the pressure (e.g.,
applied mechanically via a diamond anvil cell (DAC) or the
like) at which one or both of the materials exhibit super-
conductivity.

[0028] In some embodiments, the methods comprise pro-
viding a crystalline substrate including a growth surface, the
growth surface having a set of lattice parameters (e.g., the
lattice constants 1n one, two, or three dimensions and the
lattice vectors that define the angles therebetween). In some
embodiments, the set of lattice parameters of the growth
surface are symmetrical with the crystal structure of the
solid hydrnide material. The crystalline substrates are
designed to be slightly frustrated lattices (e.g., with the same
or similar space group and symmetry of the grown super-
conducting material). For example, 11 the desired final space
group for the superconducting material 1s Im-3 m or Cmcm,
the substrate would have the same space group but with
lattice parameters (e.g., one or more lattice constants) dii-
ferent than that of the superconducting material. The difler-
ence 1n the lattice parameters between the substrate and the
superconducting material creates a chemical pressure that
reduces an inter-atomic (e.g., inter-hydrogen) spacing in the
superconducting material, and therefore reduces the pressure
at which the superconducting material exhibits supercon-
ductivity.

[0029] In some embodiments, the methods further com-
prise growing, on the growth surface of the substrate, a solid
hydride matenial (e.g., a host-guest material, inclusion com-
pound, or clathrate compound). FIG. 1 depicts one such
host-guest structure grown on the substrate surface in accor-
dance with an embodiment of the present disclosure. In
some embodiments, the set of lattice parameters of the
substrate are selected by chemically tuming the substrate
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(e.g., with substitutional or interstitial doping) to 1mpart a
strain to the solid hydride material that reduces an applied

pressure (e.g., mechanical pressure) at which the solid
hydride material exhibits superconductivity.

[0030] In accordance with one aspect of the present dis-
closure, the strain imparted to the grown solid hydride
material arises from a mismatch in the lattice parameters of
the solid hydride material and the crystalline substrate, as
depicted 1n FIG. 2. As can be seen with reference to FIG. 2,
when the lattice of the solid hydride material and the
substrate match, there 1s no strain and the inter-atomic
spacing of the solid hydride material 1s unchanged. How-
ever, when there 1s a lattice mismatch between the solid
hydride material and the substrate, the mismatch generates
strain that reduces an inter-atomic spacing of components
(e.g., hydrogen) of the solid hydride material.

[0031] In some embodiments, the desired final space
group for the superconducting materials may be Im-3 m or
Cmcm. Accordingly, in some embodiments, the crystal
system ol the superconducting material 1s orthorhombic
(e.g., 1n which the set of lattice parameters includes three
unique lattice constants in each of three mutually-orthogonal
directions) or cubic (e.g., in which the set of lattice param-
cters includes a single uniform lattice constant 1n each of
three mutually-orthogonal directions). In other embodi-
ments, the desired final space group for the superconducting,
materials may be any one of Fm3m, Fd3m, Pnma, P2,/c, or
P1. The foregoing space groups are but examples of some of
the possible space groups of which the substrate and/or the
solid hydrnide material may be members, as will be readily
understood by one of skill in the art, and are not intended to
be an exhaustive list. Rather, the substrate and/or the solid
hydride material may each be any one of the 230 known
space groups, without restriction.

[0032] In some embodiments, the lattice mismatch
between the solid hydride material and the substrate may be
in the range of about 1% to about 20%. For example, the
lattice mismatch between the solid hydride material and the
substrate 1s about 1%, about 5%, about 10%, about 15%, or
about 20%. In accordance with various aspects of the present
disclosure, the lattice mismatch may comprise a mismatch
between any of the three lattice constants a, b, or ¢, any of
the three lattice vectors o, {3, or vy, or any combination
thereol. As will be readily understood by those of skill in the
art, a greater lattice mismatch between the substrate and the
solid hydride material can impart a greater degree of strain,
and therefore provide a greater reduction in 1nter-atomic
spacing of the solid hydride material grown on the substrate.
Of course, as will likewise be readily understood by those of
skill 1n the art, too great a lattice mismatch can increase the
difficulty of forming one lattice upon another, such that
degree of lattice mismatch selected represents a compromise
between increased strain in the solid hydride matenal (and
accordingly a lower applied pressure at which 1t exhibits
superconductivity) and increased difficulty of manufacture.
Moreover, depending upon the material of the solid hydride,
the change in inter-atomic spacing may not scale linearly
with the lattice mismatch, such that too great a lattice
mismatch may begin to increase, rather than continue to
decrease, the inter-atomic spacing of the solid hydride
material. Accordingly, the optimization of the lattice mis-
match 1s material-dependent, as will be readily understood
by those of skill 1n the art.
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[0033] In addition to or in alternative to a mismatch of
lattice parameters, 1n some embodiments the lattice mis-
match between the solid hydride material and the substrate
may be provided by a mismatch of the space groups of the
substrate and the solid hydride material, by a mismatch of
symmetry operators therebetween, or a combination thereof.
Moreover, 1n addition to or in alternative to a mismatch of
lattice parameters, space groups, and symmetry operators, 1n
some embodiments the lattice mismatch between the solid
hydride material and the substrate may be provided by a
rotational misalignment between the lattices of the substrate
and the solid hydride material. For example, the lattices of
the substrate and the solid hydride material may be rotated
with reference to one another by an amount 1n the range of
about 1° to about 20°. Without wishing to be bound by
theory, 1t 1s believed that this rotational misalignment pro-
vides a torque-type strain that can reduce an inter-atomic
(e.g., mnter-hydrogen) spacing in the solid hydride matenial.

[0034] In some embodiments, the solid hydride material
and the substrate each have a space group of Im-3 m and a
lattice mismatch of about 1% to about 20%. For example,
the lattice mismatch between the solid hydride material and
the substrate 1s about 1%, about 5%, about 10%, about 15%,
or about 20%. In other embodlments the solid hydnde
material and the substrate each have a space group of Cmcm
and a lattice mismatch of about 1% to about 20%. For
example, the lattice mismatch between the solid hydride

material and the substrate 1s about 1%, about 5%, about
10%, about 15%, or about 20%.

[0035] In some embodiments, the solid hydride material
and the crystalline substrate have diflerent lattice constants.
In these embodiments, the lattice constants of the solid
hydride material and the crystalline substrate can differ by
about 1% to about 20%. For example, in some embodiments,
the lattice constants of the crystalline substrate may be less
than the lattice constants of the solid hydrnide matenal,
generating a compressive strain in the solid hydrnide mate-
rial. In these embodiments, the lattice mismatch can gener-
ate a compressive lattice mismatch strain that can reduce one
or more lattice constants of the solid hydride material by
between about 1% to about 35% (e.g., by an amount about
equal to the difference in lattice constants plus or minus
15%). By way of further example, in other embodiments, the
lattice constants of the crystalline substrate may be greater
than the lattice constants of the solid hydride matenal,
generating a tensile strain in the solid hydride matenal. In
these embodiments, the lattice mismatch can generate a
tensile lattice mismatch strain that can increase one or more
lattice constants of the solid hydride material by between
about 1% to about 35% (e.g., by an amount about equal to
the diflerence 1n lattice constants plus or minus 15%).

[0036] In some embodiments, the lattice mismatch can
impart sutlicient strain to the solid hydride material to reduce
an inter-atomic (e.g., mter-hydrogen) spacing in the solid
hydride material, and therefore reduce the pressure at which
the superconducting material exhibits superconductivity.
For example, 1n some embodiments, a diflerence in lattice
parameters ol up to about 20% can cause a reduction in

inter-atomic spacing in the solid hydride material of up to
80% (e.g., about 80%, about 60%, about 50%, about 40%,
about 30%, about 20%, or about 10%). As will be readily

understood by those of skill in the art, the relationship
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between lattice-mismatch strain and compression 1s not
linear relationship, but rather described by a polynomial
function.

[0037] In some embodiments, the lattice mismatch can
impart suilicient strain to the solid hydride material to permat
it to exhibit superconductivity at a pressure below 180
gigapascals (GPa). For example, 1n some embodiments, the
lattice mismatch can impart suflicient strain to the solid
hydride material to permait it to exhibit superconductivity at
a pressure below about 180 GPa, below about 150 GPa,
below about 100 GPa, below about 75 GPa, below about 50
GPa. In some embodiments, the lattice mismatch can impart
suilicient strain to the solid hydride material to permait 1t to
exhibit superconductivity below about 30 GPa (e.g., a pres-
sure below about which superconducting devices can be
provided outside of the laboratory environment), below
about 10 GPa (e.g., a pressure below about which super-
conducting devices can be provided at commercially viable
levels of cost and complexity), below about 2 GPa (e.g., a
pressure below about which superconducting devices can be
cost-eflectively provided at very large scales), at or below
about atmospheric pressure, or even 1n vacuum environ-
ments.

[0038] In some embodiments, pressure can be applied to
the solid hydride material via mechanical pressure. For
example, the superconducting material can be loaded into a
DAC and compressed between facing culets. In some
embodiments, a pressure-transmitting medium (e.g., argon,
xenon, hydrogen, helium, methanol, ethanol, parathn oil,
etc., or some combination thereof) can be included within
the diamond anvil cell to convert the umaxial pressure
supplied by the DAC into umiform hydrostatic pressure. As
will be readily appreciated by those of skill in the art, lower
operating pressures permit the use of a DAC with a larger
sample size, such that when a lattice mismatch can impart
suflicient straimn to permit the solid hydride material to
exhibit superconductivity at a lower pressure, larger devices
including the superconducting material, such as millimeter-
or even centimeter-scale quantum processors, can be oper-
ated 1n a DAC. In other embodiments, other devices for
applying mechanical pressure, including other anvil presses
comprising less expensive anvil materials than diamond
(e.g., metals), may also be used.

[0039] In some embodiments, the solid hydride material
exhibits superconductivity at increased temperatures above
about 150 kelvin (K). For example, in some embodiments,
the solid hydride maternial exhibits superconductivity at an
increased temperature of about 150 K, about 175 K, about

200 K, about 225 K, about 250 K, about 260 K, about 270
K, or about 280 K.

[0040] In some embodiments, the solid hydride material
exhibits superconductivity at a reduced pressure and an
increased temperature. In some embodiments, the solid
hydride material exhibits superconductivity at ambient pres-
sure and temperature. In some embodiments, the solid
hydride material exhibits superconductivity at a reduced
pressure and increased temperature, wherein the reduced
pressure 1s below about 180 GPa and the increased tem-
perature 1s above about 260 K.

[0041] In some embodiments, the solid hydride matenal 1s
a host-guest structure including a guest component and a
host component. In some embodiments, the guest compo-
nent includes a sulfur hydride, a carbon hydride, or a
combination thereof. In some embodiments, the host com-
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ponent imcludes lithium (L1), boron (B), beryllium (Be), or
combination thereof. Without wishing to be bound by
theory, 1t 1s believed that the presence of L1, B, Be, lighter
atoms, assists with electron phonon coupling mechanisms
and phono-mediated superconductivity. In some embodi-
ments, the host component includes magnesium (Mg), man-
ganese (Mn), wron (Fe), scandium (Sc), yttrium (Y), or a
combination thereof. Without wishing to be bound by
theory, 1t 1s believed that the presence of Mg, Mn, Fe, Sc,
and Y permits a greater amount of hydrogen intercalated into
the host-guest structures at relatively lower pressures. In
some embodiments, the host component includes nitrogen
(N), selemmum (Se), phosphorous (P), or a combination
thereof. Without wishing to be bound by theory, it 1s
believed that the presence of N, Se, and P makes available
lone pairs for donating into the sigma™ bonds of H,, to drive
bond dissociation (a lowering of the bond order). In some
embodiments, the host component includes Li, B, Be, Mg,
Mn, Fe, Sc, N, Se, P, Y, C, S, La, or any combination thereof.
In some embodiments, the superconducting material may be
a clathrate compound or an 1nclusion compound comprising
a lattice or framework of hydrogen-containing materials and
one or more guest components, including L1, B, Be, Mg, Mn,
Fe, Sc, N, Se, P, Y, C, S, La, or any combination thereof.
[0042] In some embodiments, the methods comprise pro-
viding the crystalline substrate by growing a diamond struc-
ture by chemical vapor deposition. The different crystallo-
graphic orientations of diamond permit access to a range of
lattice parameters for use as a substrate. In an embodiment
in which undoped diamond crystal 1s used as the substrate,
the lattice parameters may be a=b=c=3.567 A and
a=pP=y=90°. For embodiments 1n which a diamond crystal 1s
doped to tune the lattice parameters thereof, the lattice
constants may be between about 3 A and 5 A. In other
embodiments using crystal substrates, the lattice constants
(for the primitive cell) may be between about 2.5 A and
about 10 A. In some embodiments, the growth surface is
parallel to a (110) lattice plane of the diamond structure. In
other embodiments, the growth surtface is parallel to a (121)
lattice plane of the diamond structure.

[0043] In some embodiments, the method further com-
prises replacing carbon atoms within the diamond structure
with other materials (e.g., atoms of other elements or with
other molecules) via substitutional doping to provide the
substrate with desired lattice parameters and/or to provide
additional sources of hydrogen to the superconducting mate-
rial. In some embodiments, the other materials include boron
(B), sultur (S), phosphorus (P), Hydrogen Sulfide (H,S), or
a combination thereof. In some embodiments, replacing the
carbon atoms comprises focused 1on beam deposition of B,
S, P, H,S, or a combination thereof.

[0044] In some embodiments, the method further com-
prises tuning lattice parameters of the diamond structure
with interstitial dopants (e.g., atoms of elements other than
carbon or other molecules). In some embodiments, the other
materials include hydrogen (H), fluorine (F), chlorine (CI),
bromine (Br), 1odine (I), astatine (At), silicon (S1), germa-
nium (Ge), tin (Sn), lead (Pb), Flerovium (Fl), or any
combination thereol. In some embodiments, interstitial dop-
ing the other materials 1nto the diamond structure comprises
focused 1on beam deposition.

[0045] In some embodiments, substitutional doping to
replace carbon atoms within the diamond structure with
other materials permits fine tuning of the lattice parameters
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at the growth surface of the substrate. For example, substi-
tutional doping with materials larger than carbon, such as
sulfur, phosphorus, or the like, can increase one or more of
the lattice constants at the growth surface, while substitu-
tional doping with materials smaller than carbon, such as
boron, can decrease one or more of the lattice constants at
the growth surface. In some embodiments, interstitial doping,
can further fine tune the lattice parameters at the growth
surface of the substrate (e.g., either by increasing or decreas-
ing one or more lattice constants at the growth surface).

[0046] In some embodiments, the method further com-
prises tuning lattice parameters of the diamond structure
with vacancies. For example, bombarding the crystal struc-
ture with carbon atoms can dislodge other carbon atoms
from their position within the crystal lattice and leave a
vacancy at the site, thereby reducing one or more lattice
constants 1n the area of the vacancy. As will be readily
understood by those of skill in the art, other methods of
introducing vacancies 1n a crystal lattice, whether of carbon
or any other material, may also be used to tune the lattice
parameters.

[0047] In some embodiments, the amount of vacancies, or
substitutional or interstitial dopants, may be selected to
provide desired lattice parameters at the growth surface. In
this regard, the amount of dopants may be a low level (e.g.,
on the order of one dopant for every 1,000,000 to 100,000,
000 carbon atoms), a high level of doping (e.g., on the order
of one dopant for every 10,000 to 1,000,000 carbon atoms),
or a very high level of doping (e.g., more than one dopant
for every 10,000 carbon atoms).

[0048] In some embodiments, the dopants may be pro-
vided at the growth surface (e.g., in the portion of the crystal
lattice adjacent to the grown solid hydride material). In other
embodiments, the dopant may extend to a deeper level 1n the
crystal lattice, or even through the bulk of the substrate
material. In some embodiments, the dopant concentration
may be constant, while 1n other embodiments the dopant
concentration may vary according to distance from the
growth surface (e.g., providing a lattice constant varying
with depth).

[0049] In some embodiments, the growth surface may be
patterned or textured (e.g., using known lithography tech-
niques) to encourage the growth of the solid hydride mate-
rial 1n a desired orientation, to improve the regularity of the
solid hydride matenal crystal lattice, or otherwise promote
desired properties 1 the grown solid hydride material.

[0050] Although in the foregoing example embodiment,
the substrate 1s described and illustrated as a diamond crystal
structure grown by CVD and optionally doped by focused
ion beam deposition, 1n other embodiments other substrate
materials formed by different processes can also be used. For
example, 1n some embodiments, other substrates such as
graphene, graphane, silicon, silicon derivatives, or any com-
bination thereof can be used 1n place of diamond to provide
access to a variety of tunable lattice parameters via doping
that would permit the fabrication of solid hydrides that
exhibit superconductivity at desired combinations of tem-
perature and pressure. Moreover, binary crystals, such as
s1licon carbide, can be used as a substrate and may, 1n some
embodiments, be provided by substituting a significant
fraction (e.g., a quarter, a third, half, two thirds, three
quarters, etc.) of the carbon atoms 1 a diamond crystal
structure with focused 1on beam deposition, as set forth 1n
greater detail above. In accordance with some embodiments,
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diamond and other crystals may be formed by processes
other than CVD (e.g., by large volume pressure for high
pressure-temperature synthesis, by crystal melt methods, by
the Czochralski method, by various lamination processes,
the ‘scotch-tape method,” atomic layer deposition (ALD),
physical vapor deposition (PVD), sputtering, or any com-
bination thereof). In accordance with some embodiments,
substitutional and interstitial doping of diamond and other
crystals may be performed by processes other than focused
ion beam deposition (e.g., by PVD, MBE, bore milling,
various reaction chemistry methods including laser heating
methods, large volume press methods, etc., or any combi-
nation thereot).

[0051] In some embodiments, growing the solid hydnde
material comprises separately depositing, via MBE, the
constituents thereof. FIG. 3 depicts an exemplary MBE
chamber 1n which the constituents of the solid hydride
maternal are present in Effusion Cells 1-n. The Constltuents
of the solid hydride material are vaporized in the effusion
cells and directed towards desired locations on the growth
surface of the substrate, where the solid hydride material 1s
grown. In some embodiments, additional eflusion cells
containing the doping species used to replace the carbon
atoms within, or add interstitial dopants to, the diamond

structure may also be used.

[0052] In some embodiments, growing the solid hydride
material by MBE can involve directing constituents of the
solid hydride material into desired locations on the growth
surface based on the desired crystal structure of the solid
hydride material. For example, to fabricate a two-dimen-
sional or three-dimensional crystal structure by MBE, spe-
cific site locations 1n a growing crystal lattice can be singly
populated with materials (e.g., a single atom or a single
molecule) emitted by effusion cells, 1n a manner analogous
to known nanoassembly methods. In some embodiments, a
three-dimensional crystal lattice can be built up of multiple
stacked two-dimensional crystal layers. (See, Wollord, J.,
Nakhaie, S., Krause, T. et al., A hybrid MBE-based growth
method for large-area synthesis of stacked hexagonal boron
nitride/graphene heterostructures, Sci1 Rep 7, 43644 (2017),
do1:10.1038/srep43644) (“Wollord”). In such embodiments,
although deposition may occur layer-by-layer, interlayer
interactions between heterogenous layers can provide a
mechanism for three-dimensional nanoassembly. (See,
Xiang Yuan, Le1 Tang, Shanshan Liu, Peng Wang, Zhigang
Chen, Cheng Zhang, Yanwen Liu, Weily1 Wang, Yichao Zou,
Cong Liu, Nan Guo, Jin Zou, Peng Zhou, Weida Hu, &
Faxian Xiu, Arrayed van der Waals Vertical Heterostructures
Based on 2D GaSe Grown by Molecular Beam Epitaxy,
Nano Lett. 20135, 15 (5) 3571-3577, do1:/10.1021/acs.nano-
lett.5b01058; Bongjoong Kim, Jiyeon Jeon, Yue Zhang, Dae
Seung Wie, Jehwan Hwang, Sang Jun Lee, Dennis E. Walker
Ir., Don C. Abeysinghe, Augustine Urbas, Baoxing Xu,
Zahyun Ku, & Chi Hwan Lee, Deterministic Nanoassembly
of Quasi-Three-Dimensional Plasmonic Nanoarrays with

Arbitrary Substrate Materials and Structures, Nano Letters
2019 19 (8), 5796-3805, do1:10.1021/acs.nanolett.9b02598.)

[0053] Alternatively, or in addition, one or more three-
dimensional 1slands can form a site around which three-
dimensional crystals can be built. In some embodiments, the
foregoing nanoassembly methods can be used to provide a
3D electronic band structure (e.g., 1n a periodic network or
between deposited layers). In some embodiments, the mul-
tiple stacked two-dimensional crystal layers are bonded
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through van der Waals interactions, forming van der Waals
heterostructures of the solid hydride material. In these and
other embodiments, reflection high-energy electron diflrac-
tion (RHEED) may be used to momitor the growth of the
crystal layers.

[0054] In some embodiments, the methods further com-
prise using MBE to initiate a reaction between two or more
different materials (having one or more constituent ele-
ments) and hydrogen so as to form a plurality of molecules
cach comprising a hydrogen moiety and at least one of the
constituent elements from a different one of the materials. In
an example with two different molecules, the plurality of
molecules comprises a first molecule having a first compo-
sition and a second molecule comprising a second compo-
s1tiomn.

[0055] In some embodiments, the hydrogen of the solid
hydride material may be provided in various forms or in
various hydrogen precursors. Example hydrogen precursors
include, but are not limited to, atomic hydrogen, molecular
hydrogen, a hydrogen polymer, or a multi-valent hydnde.
More specific hydrogen precursors include, but are not
limited to, methane, HS, Silane, LiH, or any hydrogen
precursor (e.g., gaseous hydrogen precursor) used in
molecular-beam epitaxy or chemical vapor deposition. In
some embodiments, the solid hydride material has a hydro-
gen content that 1s higher compared to a largest content
possible as determined by formal oxidation states of con-
stituent elements of the solid at ambient conditions absent
the strain.

[0056] Although in the various example embodiments
described herein, reference 1s made to hydrogen, those of
skill in the art will readily appreciate that any of the 1sotopes
of hydrogen (e.g., prottum, deuterium, or trittum) may be
used 1n lieu of one another, in combination or alone.
Accordingly, whenever reference 1s made to “hydrogen”
herein, 1t 1s to be understood that any of these hydrogens are
contemplated.

[0057] In some embodiments, the methods comprise
selecting two or more different materials each including one
or more constituent elements. Example constituent elements
include, but are not limited selected from H, S, Li, B, Be,
Mg, Mn, Fe, Sc, N, Se, P, Y, C, or La. Materials may be
selected for their properties as stabilizing agents, pressuriz-
ing agents, or chemical dopants as described herein.

[0058] In some embodiments, the solid hydride material
exhibits superconductivity, absent the strain, at a first com-
bination of a first temperature and a first pressure. In some
embodiments, the solid hydride material exhibits supercon-
ductivity, due to the strain, at a second combination of a
second temperature and a second pressure, wherein the
second temperature 1s higher than the first temperature, the
second pressure 1s lower than the first pressure, or both.

[0059] In some embodiments, the solid hydride material
comprises at least 3 different elements including hydrogen
and exhibits superconductivity at a pressure of below about
180 GPa. In some embodiments, the host-guest structure 1s
formed from a combination of compounds XH +YH +H.,
where X 1s selected from L1, B, Be, Mg, Mn, Fe, Sc, N, Se,
P, Y, C, S, and/or La and Y 1s selected from L1, B, Be, Mg,
Mn, Fe, Sc, N, Se, P, Y, C, S, and/or La, and x and y are the
stoichiometric amounts of the compounds comprising X and
Y respectively. In some embodiments, the solid hydride
material 1s a carbonaceous sultur hydrde.
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[0060] In some embodiments, the solid hydride material
comprises at least 4 diflerent elements including hydrogen
and exhibits superconductivity at a pressure below about
180 GPa. In some embodiments, the solid hydride material

is formed form a combination of compounds XH +YH +
/ZH _+H,, where X 1s selected from L1, B, Be, Mg, Mn, Fe,

Sc, N, Se, P, Y, C, S, and/or La, Y 1s selected from L1, B, Be,
Mg, Mn, Fe, Sc, N, Se, P, Y, C, S, and/or La, and Z 1s
selected from Li, B, Be, Mg, Mn, Fe, Sc, N, Se, P, Y, C, S,
and/or La, and X, y, and z are the stoichiometric or non-
stoichiometric amounts of the compounds comprising X, Y,
and Z, respectively.

[0061] In yetanother embodiment, the solid hydride mate-
rial comprises a first component A comprising a hydrogen-
containing component comprising hydrogen; a second com-
ponent B and a third component C; and the solid hydride has
a formula A B,C _H_; and wherein: b:c 1s 1n a range of 1:20
to 20:1, a:b 1s in the range of 1:20 to 20:1, x 1s 1n the range
from 1 to 15, H 1s hydrogen, C may be H with x=0 1n a
ternary system and C is different from H in a quaternary
system, and one or more of A, B, C are undoped or comprise

a dopant concentration 1n a range from about 0% to 20%.

[0062] In some embodiments, the solid hydride material 1s
a metallic crystal comprising a metal or carbon, sulfur, and
the hydrogen. In yet another embodiment, the solid hydride
maternal 1s a metallic crystal, or 1s formed from a compo-
sition, having the formula (H,S), (CH,) H, or formed form
a combination of compounds XH +YH, +ZH_+H,, where
XH, 1s methane and YH,, 1s H,S. In some embodiments, the
solid hydride material comprises a component covalently
bonded to hydrogen and having a coordination number of at
least 6. In some embodiments, the solid hydride comprises
a covalent metal hydnde.

[0063] Inyetanother embodiment, the solid hydride mate-
rial 1s a host-guest structure including a guest component
and a host component, wherein the guest component
includes hydrogen and the host component comprises at
least one of: a stabilizing agent promoting bonding of the
hydrogen to the host component and/or formation of a
distinct network comprising at least some of the hydrogen;
or a pressurizing agent applying chemical pressure to a
periodic lattice of the host-guest structure so as to reduce
inter-atomic spacing in the periodic lattice.

[0064] In some embodiments, the solid hydride material
has reduced 1inter-atomic spacing between hydrogen atoms
or dimers. FIG. 4 illustrates an example structure of the
superconducting material manufactured according to the
disclosed methods comprising carbon, hydrogen, and sulfur.
The structure comprises the carbon and sulfur disposed with
periodic stacking within a three-dimensional motif. In one or
more embodiments, the sulfur i1s disposed mm a Cmcm

symmetrized motil and the overall structure 1s an Im-3 m
structure.

[0065] In some embodiments, the sulfur and carbon may
be substituted with different elements. In some embodi-
ments, the structure includes a stabilizing agent (e.g., car-
bon, sulfur, or substitute for carbon or sulfur) promoting
bonding of the hydrogen to surrounding lattice and/or for-
mation of a distinct network comprising at least some of the
hydrogen; or a pressurizing agent (e.g., carbon, sulfur, or
substitute for carbon or sulfur) applying chemical pressure
to the periodic lattice so as to reduce inter-atomic spacing in
the lattice.
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[0066] In some embodiments, the stabilizing agents com-
prise a chemical constituent (comprising a molecule or
atom) including at least one of L1, B, Be, Mg, Mn, Fe, Sc,
N, Se, P, Y, or La. Example pressurizing agents include a
chemical constituent (e.g., atom or molecule) including at
least one of L1, B, Be, Mg, Mn, Fe, Sc, Se, P, Y, or La. In
various embodiments, the chemical constituent comprises
both a stabilizing agent and pressurizing agent. Stabilizing,
agents and pressurizing agents may also be considered
chemical dopants.

[0067] FIG. 4 turther illustrates an example wherein the
inter-atomic distance between the hydrogen atoms or dimers
in the solid hydrnide material 1s in a range of 1.1-1.3
angstroms (e.g., similar to that found 1n metallic hydrogen).
The hydrogen atoms can form molecular hydrogen (dimers
or covalently bonded hydrogen pairs) in which the sigma
bonds in the hydrogen are weakened as the bond order 1s
lowered from 2 to possibly about 1.5. In other embodiments,
the bond order may be reduced as low as zero so that the
hydrogen atoms in the solid hydride material comprise
atomic hydrogen. As used herein, bond order 1s the number
of chemical bonds between a pair of atoms and 1ndicates the
stability of a bond. For example, in diatomic hydrogen
(hydrogen dimer, H—H), the bond order i1s 2; in atomic
hydrogen, the bond order 1s 0. The inter-atomic distance in
the range of 1.1-1.3 angstroms may be the distance between
hydrogen atoms 1n the dimer and/or between adjacent neigh-
boring hydrogen atoms or hydrogen dimers.

[0068] In yet further embodiments, the hydrogen in the
solid hydride material may be considered to comprise hydro-
gen atoms or dimers forming covalent bonds (e.g., direc-
tional bonds) with other neighboring hydrogen atoms or
dimers as a consequence of the hydrogen atoms or dimers
sharing electrons between them and overlapping or hybrid-
ization of two or more atomic orbitals. In yet further
embodiments, the hydrogen atoms or hydrogen dimers inter-
act with their neighbors in the solid hydride material through
resonance bonding (e.g., similar to resonance bonding in
benzene). In one or more embodiments, the hydrogen dis-
posed 1n the solid hydride material comprises a self-inter-
acting hydrogen rich network. In some embodiments, the
solid hydride material comprises a framework defining
channels, each of the channels comprising a series of hydro-
gen atoms or hydrogen dimers positioned along a length of
the each of the channels.

[0069] FIG. 4 further illustrates an example host-guest
structure that includes a host component and a guest com-
ponent, wherein at least one of the host components or the
guest component comprises a periodic lattice and the guest
component includes hydrogen. The host component com-
prises at least one of the stabilizing agents promoting
bonding of the hydrogen to the host component and/or
formation of a distinct network comprising at least some of
the hydrogen; or a pressurizing agent applying chemical
pressure to the periodic lattice so as to reduce inter-atomic
spacing 1n the lattice. In some embodiments, the methods
comprise dissociating molecular hydrogen from the host-
guest structure to enable inert atoms into the Van Der
Waals-like printed lattice. In some embodiments, palladium
(Pd) can enable the dissociating of the molecular hydrogen.

[0070] FIG. 4 further illustrates an example wherein the
solid hydride material 1s a host-guest structure comprising a
hydrogen network, hydrogen framework, or channels or
pores comprising hydrogen. The channels or pores (e.g.,
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1 -dimensional pores or 1-dimensional channels) comprise a
series of hydrogen atoms or hydrogen dimers (molecular
hydrogen) positioned along a length of the channels. In
vartous embodiments, the distance between neighboring
hydrogen atoms or dimers in the channel i1s 1n a range of 1.1
angstroms to 1.3 angstroms. In various embodiments, the
channels or network comprise one or more fiber structures,
one or more filament structures, or other structures whose
length 1s substantially (e.g., at least 1000 times) longer than
their width. The channels are defined by a surrounding
lattice of chemical constituents (stabilizing agents and/or
pressurizing agents) distinct from the hydrogen network. In
various embodiments, the lattice, framework, or matrix (e.g.,
comprising chemical constituents such as the stabilizing
agents or pressurizing agents) contains or holds the hydro-
gen and provides a chemical environment for the hydrogen
allowing higher T~ at lower pressures. FIG. 4 1llustrates an
example wherein the stabilizing agent and/or pressurizing
agent comprises chemical constituents including carbon and
sulfur. However, other chemical constituents (e.g., stabiliz-
ing agents and pressurizing agents) may be used as 1llus-
trated herein.

[0071] In one or more embodiments, the superconductor
comprises a solid hydride matenal including a first compo-

nent A; a second component B and a third component C; and
the solid hydride has the formula A B,C H_; wherein H 1s

S W

C 1n a ternary compound and C 1s different from H 1n a
quaternary compound, b:c 1s 1n a range of 1:20 to 20:1, a:b
1s 1n a range of 1:20 to 20:1, x 1s 1n a range from 1 to 15, and
A, B, or C are independently selected from L1, B, Be, Mg,
Mn, Fe, Sc, N, Se, P, Y, C, S, or La. A, B, or C can be
substituted with other elements from the list or other ele-
ments to reflect doping (e.g., doping with other elements up

o 20%).

[0072] FIG. 5 1s a flowchart 1llustrating a method 500 of
making the superconducting, solid hydride material accord-
ing to an embodiment of the present disclosure. The method
500 employs molecular beam epitaxy to deposit a crystalline
film of the solid hydride material onto the crystalline sub-
strate. The method 500 includes a step 301 of selecting the
components for forming the solid hydride matenial. The
selected components can either be 1 a gaseous or liquid
phase. The components are then placed into separate eflu-
sion cells 1 step 502 within the MBE chamber. The MBE
chamber 1s maintained at an ultra-high vacuum environment
(e.g., <10 mbar). The effusion cells are equipped with
mechanical shutters that allow for the control of the amount
ol each component used 1n forming the solid hydride mate-
rial. Once 1n the eflusion cells, the components 1n step 503
are sublimated from the solid form or evaporated from the
liquid phase. In step 504, the gaseous components are then
condensed onto the crystalline substrate, where they may
react with each other. In some embodiments, to control the
mobility of the gaseous components, the substrate 1s heated
to high temperatures (e.g., 300° C.-600° C.). Once the
gaseous components contact the substrate, there are numer-
ous processes by which the components (1.e., adatoms)
undergo growth to form the solid hydride material. Step 5035
includes a nucleation process of the adatoms to 1nitiate the
crystal growth of the solid hydride material onto the sub-
strate. The nucleation process 5035 can take place on mono-
atomic steps, on defects, or directly on the surface of the
crystalline substrate. In an optional step 506, the method 500
includes monitoring the growth of the crystalline solid
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hydride layer using RHEED. In some embodiments, moni-
toring the crystal growth using RHEED includes generating,
a diffraction pattern of the crystal. RHEED allows monitor-
ing the material deposition with sub-monolayer accuracy.
[0073] Further information relevant to one or more
embodiments of the present invention can be found 1n the
tollowing publication (and online additional information):
Snider, Elliot, Dasenbrock-Gammon, Nathan, McBnde,
Raymond, Debessai, Mathew, Vindana, Hiranya, Ven-
catasamy, Lawter, Kevin V., Salamat, Ashkan, and Daas,
Ranga, Superconductivity 1 a Carbonaceous Sulfur
Hydnde, Nature, 586, 373-377 (14 Oct. 2020) and online
additional information available at: do1.org/10.1038/s41386-
020-2801-z. To the extent permitted 1n relevant jurisdictions,
this article, and the associated additional information avail-
able online (and other publications cited herein) 1s hereby
incorporated by reference 1n 1ts entirety.

[0074] From the foregoing, it will be appreciated that
specific embodiments of the invention have been described
herein for purposes of illustration, but that various modifi-
cations may be made without deviating from the scope of the
invention. Accordingly, the invention 1s not limited except as
by the appended claims.

1. A method comprising;

providing a crystalline substrate including a growth sur-

face having a set of lattice parameters; and

growing, on the growth surface, a solid hydride material,

wherein the set of lattice parameters impart a strain to
the solid hydrnide material that reduces an applied
pressure at which the solid hydride material exhibits
superconductivity.

2. The method of claim 1, wherein providing the crystal-
line substrate comprises growing a diamond structure by
chemical vapor deposition.

3. The method of claim 2, wherein the growth surface 1s
parallel to a (110) lattice plane or a (121) lattice plane of the
diamond structure.

4. The method of claim 2, wherein providing the crystal-
line substrate further comprises replacing carbon atoms of
the grown diamond structure by substitutional doping with
boron (B), sulfur (S), phosphorus (P), Hydrogen Sulfide
(H,S), or a combination thereof.

5. The method of claim 4, wherein the substitutional
doping comprises focused 1on beam deposition of B, S, P,
H.S, or a combination thereof.

6. The method of claim 1, wherein growing the solid
hydride material comprises depositing, via molecular-beam
epitaxy, constituents thereof.

7. The method of claim 1, wherein growing the solid
hydride material comprises depositing, via molecular-beam
epitaxy, constituents thereof 1n stoichiometric amounts.

8. The method of claim 1, wherein growing the solid
hydride material comprises depositing, via molecular-beam
epitaxy, constituents thereol 1n non-stoichiometric amounts.

9. The method of claim 1, wherein the solid hydride
material comprises a host-guest structure.
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10. The method of claim 9, wherein a guest component of
the host-guest structure includes a sulfur hydnide, a carbon
hydride, or a combination thereof.

11. The method of claim 9, wherein a host component of
the host-guest structure includes lithium (L1), boron (B),
beryllium (Be), magnesium (Mg), manganese (Mn), 1ron
(Fe), scandium (Sc), mitrogen (N), selemum (Se), phospho-
rous (P), yttrium (Y), carbon (C), sulfur (S), lanthanum (La),
or a combination thereof.

12. (canceled)

13. The method of claim 1, wherein:

the solid hydride material exhibits superconductivity,
absent the strain, at a first combination of a first
temperature and a first pressure; and

the solid hydride material exhibits superconductivity, due
to the strain, at a second combination of a second
temperature and a second pressure, wherein the second
temperature 1s higher than the first temperature, the
second pressure 1s lower than the first pressure, or both.

14. The method of claim 1, wherein the solid hydnde

material has an Im-3 m cubic or Cmcm orthorhombic crystal
structure.

15. The method of claim 14, wherein the set of lattice
parameters of the growth surface are symmetrical with the
crystal structure of the solid hydride material.

16. The method of claim 1, wherein the strain reduces an
inter-atomic spacing 1n the solid hydride matenal.

17. The method of claim 16, wherein the inter-atomic
spacing 1s an inter-hydrogen spacing.

18. The method of claim 17, wherein the inter-hydrogen
spacing is between 1.1 A and 1.3 A.

19. The method of claim 1, wherein the solid hydnde
material comprises a component covalently bonded to
hydrogen and having a coordination number of at least 6.

20. The method of claim 1, wheremn the solid hydnde
material comprises a covalent metal hydride.

21. The method of claim 1, wherein the solid hydrnide
material has a hydrogen content that 1s higher compared to
a largest content possible as determined by formal oxidation
states ol constituent elements of the solid at ambient con-
ditions absent the strain.

22. A superconducting structure made by a method
according to claim 1.

23-40. (canceled)

41. A method for making superconductive material, the
method comprising:
using the superconducting structure of claim 22 to provide
a substrate;

depositing constituents of a solid hydride maternal on the
superconducting structure using chemical vapor depo-
sition.
42. A quantum computing apparatus comprising the
superconducting structure claim 22.
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