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(57) ABSTRACT

Compositions of matter and methods of identifying and
making compositions ol matter are disclosed. Some embodi-
ments disclose making and chemically and/or composition-
ally tuming superconducting hydride materials. Some
embodiments disclose an apparatus for making and compo-
sitionally tuning superconducting materials. Some embodi-
ments disclose a composition of matter including a solid
hydride exhibiting superconductivity at a temperature of at
least 150 kelvin at an ambient pressure below 180 gigapas-
cals, or at a temperature of at least 261 kelvin. In one or more
embodiments, the superconductor includes a covalent metal
hydride having at least three different chemical elements
wherein an inter-atomic distance between the hydrogen in
the covalent metal hydride 1s 1n a range of 1.1-2 angstroms.
In yet turther examples, the superconductor 1s formed using
molecular exchange and compression of a Van der Waals
solid. In yet further examples, the superconductor comprises
molecular hydrogen disposed in 1-dimensional channels.
These and other embodiments are disclosed herein.

SELECTING

PREFARING STARTING MATERIALS

SUPERCONDUCTOR

PROVIDING CONDITIONS TO INITIATE

REACTION
106
/
COMPRESSSING
108




hplf il l hplf il l hplf il l hplf il l hplf il l hplf il l hplf il l hplf il l hplf il l hplf il l hplf il l hplf il l hplf il l hplf il l hplf il l hplf il l hplf

US 2023/0301203 Al

DNISESFH IO D

R R R S w— -
L]
™
. - Ll
[N}
==
==

NOILOYI
{7 3LVILNI O SNOILIGNOD ONIGINCY D

kit %

Sep. 21, 2023 Sheet 1 of 10

SIVISF LV ONILEV LS DNISY I3

Z04

ONILOATES
004

Patent Application Publication



US 2023/0301203 Al

317 “H

JOIDNPUOIIIANS U PpUE ( 4+ 7y “80)

!

SpenDIeil 3UNIrlS SUIUIRIU0D $17 1opjoy syduwes

.-.. . " A e
. L » 'y 5 a p
.1.. - !
11 O T T T T 3 N oy ot B w o AR T T T
......... o) L T . i » LT e
'

p1z COYy) Suneoo vurmnpy — S, A

017 (3d) apoasary

--------

Rass

50
DUOLITEI(]

Sep. 21, 2023 Sheet 2 of 10

g7 uoiieipe.l 7207

3118USBWI0I138]3 007

Patent Application Publication



US 2023/0301203 Al

Sep. 21, 2023 Sheet 3 of 10

Patent Application Publication

NGNS + L

..-..-..-..J..I.-..-..-..-..-..-..-..-..-..-..-..-..-..-..-..-.}F.—.F}F}F.—.F}F}F.—.}}.—.}}.—.} L L L N N N N N N N N N L N N L I N L I N B I I I I I L I I I I I
kR R Rk ke ke A e kR T
b d kI d ke d d kb bk d ke b b BN N bk b d o de d e k0 N bk b b b dr e U O dodp b b dr drdr ke b e a0 dr dp b e dr r i dr e e ey iy i e O i R R
I I R U S L U S U U Y drde Jrode Jr o Jr O o dr Jr o Jr o de o dr Or e dr Br Jr e Br Or e B Jr Jr O dr dr e Jp 0r Op 0 0 Or Jp 0 Bp Je Jp dr dp e Jp B Op O 0 o Or Op 0 0r Op 0 0 Or 0 A e o i o
e e N N N N N N N R R N R i N e M D M
W d b dr b e dr e b dr b dr b dr & Jr & dr & droge dr dr dr dr dr dr dr dr Jr Jr Jr dr Jr Jr e 0r dr Or Jr Jr O e Jdp e 0r dr dp dr Jp dr dp 0r 0r 0r dr dr Jp dr dp 0 0p dr Jdr dp Jdp dp Jdr dr Jr dp Jp dp Jr g & i &
» A dp p dp e U6 dp de dr e de e de dr de de de de e de e e Jp o de dp o de de de dp e dp e de de dp de e de dp o de deodp dpodp drodp dpodp o dp dp dp dp r dp dp dr dp drodp dr JF dp e e e e dp e e e e e e e o0
L o e e e e e T e o g T Tl Ul e S e o™ dr b b & b b b o dr b b dr dr & i &
L ..1.r.r..1.r.r..1.r.r..1.r.r.r.__..r....r.r.r.r.r.r.r.r.r.r.r.r.r.r....r.r........_........................................................1.................................!!&...44-.
[ U U T R R U N L Uy = drde b o dr dr Jr e Or o Jr Jr O o dr o Jr Or O 0r Or 0 Or B Or Jp o dr Jp e Jp dr Jp O Jp Or Op 0 Jp Or Jdp 0 Op Jp ip Br o dp Jrodp O dp Jp odp Or i i i
R e R e e e e e e e e e e e e e W ke e ey e e e ey e e e e e e kK e e e ke ke e e ke ke e ek kR e e i de i e e e e X
" U dr b dr Bk dr dr Jr dr dr de e dr dr dr dr Qi i dr e e dr dr dr dr dr dr dr e dr dr Jr dr dr de e B Up e Jp dr Jp dr Jp dr dr dr dr dr Jp de dp e Jp de Bp dr dp dp dp dr dr dr & & 0 & i & & O
By dr g B dr e e de U e e de U e e Ao e e de de e e de de dp dp A de e e A dp e e 0 dp e p 0 e e 0 e p dr 0 e e r e e e e iy e i e e e e i e
b kb b ke F b b h b h b h bbb bbb b b bddddddddhdddiiiddhidiiydlddididkigkg.i dr dp dp dp Jdrode dr dr dp dp Jp Bt i o iy
.__..r..1.....:...r.r..1.r.r..1.r.r.r.r.r.__......_..r....r.....1.._..r....r.....1.._..r....r.r....._................................................ttf......................;.q...q .
dodr S e o A b S dr de de e e b b S D de Ur e e e de dr de de de dr de e e dr o de de b dp de dp b dp Se dp de dp e dp de dr o de de 0 [ R S U U T
R g e g g N A A e
Far b dede i dr ke h Mk de k de h dr i dede dr de de b de dr de dr de Je e de e e 0 dr de dp de o de dp de dp e dp e dp e dyodp i dp dp o dp e drodp 0o L aC A
.._.....-..r.r.....r.r.r .r.r.r.r.r.r.r.r.r.r.r.r.r.....r.....r.-...r&..r#.r#.r#.r#############kb.#b.b.#b.b.l.l.}.b.}.b.}.b.}.}.l.}.}.l. L, ]
i A ....4.._. i
Lyt i i drdp
. ) X X
X i Pl ML
T P .
ir i EREFEREREEREFEREERN
I .... IlllIlllllllllllllﬂlllﬂlﬂlﬂl
] ERERERERERERERERENRERETR
EERENEERNEFERERENEENER
] EERERRERERERERERERERN
ERREERRENERRENER
I dr . 0 0 f 0 s e s e e a e e e e e e a o w « Ip dr dp dp -ll-'-l-'-'-llltaﬂ -.Hl!
> e I e e T  r a a o r x x w i dr b i EERERREREREXERRR
b3y kb kb de b b b N bk b od ke d Xk d ki i kb EREFIREXERERRER
e A N N R R R R R R R e e
Nk ke kN kb b b kM U ko ke o Ak dr ERERERERRERER
o e Rl N el ERRERERERERERRRERRRERR
L L T A A R W g R e e " RO R R e R
b b A N L T U U U U bk b kY ik ki KREERREEREREERERENENRERER
dr o dr o dr .T.ri..r.r.r.v.r.._..r....r.v.r.r._..:..._.... .._......._......._..r.._. Jr i i lIlIlIlllllllllllllllllllﬂlllﬂ e
Y " i . i i [ b i r .....1.r -1-.._1.... IllIIIIIllllllllllllllﬂlﬂlﬂlﬂlﬂl e
ro. ERERERERERERERERERERENRERERERENEN
ERERERERERERERERERERERERERERNR
ERXRRENERERRENERERENERERENERER
ERERERREREREREERERERERERERER
ERRENERREEREEREREEERERNRENER
ERERERERERERERERERERERERERERER
ERERERERERERERERERERENRERERERENEN
ERERERERERERERERERERERERERERNR
ERERENERERRENERERENERERENERENENER
e ERERERRERERERERERERENE N
e ERREERERREERREERRENER
Il 4 4 llllllllll
e e e EERRERER
T e o8 SN
Jrodr a0k ok dd dr A ki ] '
.__.r.__......_.....__.......__.r._..nu....l.-.h.r.__.r.-......._ln.r.__ln.r.__.._.__._._.._.r.__ Il
B b b b b b B & & bk ok bk ko h &k ok kNN 4
b & & & & & & & ks bk sk kAo | .
h B T T A A A A T L A U} " :
Jroh bk b b &k om bk bk k k Ak k k koA kK -
E I I R I B e NP R R R RO RN R BRF I RN RN RES R R R . .
b B L h b b bk F Ak h ok bk b b hm h h koA AN I . mw
i b F & U & Jr & b o0k b b & & & & Jrodr ok Mk ok By i i .umJ . . . .
b gk b & & b &k J s E s s E s s s s s s s ks g &S
b Jp b kb b b b O o b b b b b b b & b h b oh b b b b ko . .
Foa &k h h k k kB k kb kb agk ok kA k& & kA . - . .
- O T T T Y R R T O O N Y T T T T T T Uy U S ) ITII . . . .
L F b h b bk k k h h ok Ak b bk Ak kbbb Ak Ak hhh ok b klnm" Fop S i iyt ot i
) N R N N N o dp d dr b 0 odr i b . . . .
- E I T N B R R B R R R NN R RN DA R BN DA N D DEC D RO BN REF DOF RO RN BEE R R B .T.T.T.T.T.rl.b.l.*.. - .
& & L A N T L T I T T T T T T O T T T N N T . . . .
P N IR I A I I e e e e e e R i
.“‘*I.l. .T.T.r.T.r.T.r.T.T.T.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.rl..'.f.‘u 4r i & ¥’ ¥ i Nk i dr o B .
LR M W) 2k h h h kb b gk h h kb Ak kb kg h hoh Ak E Ak Ak h ok ok A Pl S s g
N N M W NN b & b ok bk b b bk b bk bk b b b &k d h ok ok M kM & d ok dod b ok b dp b dr b b X i b i W, . . .
N O o e Y Rt T I T I N S Y 4 & & & & & b & & B b & &k b & & &b b & M A & & » dp e e e e A A O dp dpodr i
& dr dp b i [ dr ’r B b & b b bk bk h kﬁk RS Y W & b b e e N e ey dr UMHUU1*.
Pl O | & b & & & & &k h k k am k k k ok kA kb &k k kk ko k k& ok kN A AN P
N N dr iy dp dp | b & b & b b b & b & b b J b & & b & b b & kb K bk ok bk s b oh ok kA dr o dr U O Jp e O JroofF dp dp i . L.
Wk &k & & b b b bk kN CBf b bk m & & & b b b b b b b h k bk b h b h b b b b b h bbb b b hhhhhhE o e e o dr i k¢
o W W W N i i i i i i [ dr b Br & U & Jr & Jr ok b b b b & & b b b & & & & & M b b b b & & & & & MA b o dr 0 J dr dr b A dr i b o - . .
ol o o 0 i B dr i M o A r b F b b & b b & h b b & Ju b & & b & & & b & & & & b & & b b b & b & A & & U U U U U i dr i ko
. e o & b d dr dr dr dp dp i O i N I I I I I L N i iy F b M Jrode Jp de & b b O Bodp dp dp O B . n,
!l# & o W 0 dr b dr dr dr dr dr Ak h h h k& k k k h J h k bk &k k kk kb k § &k Ak ko k& k& kg ok M A dr dr b de de de b B 0 dp Jp o dp .
o ol e oy iy dr e dp oy e b - 3 b & b & b b b & b b b h b b & b b & & &b b I i h b b b b b b b bk bk oSS oA dr o de Jr & Jp o Jr O 0 B g dp dp dp O .
Bl & & drdr Jrodr Jrodr Jr o dr 0 ¥ Lk h b b bk h k h kR b b bk kh k ko bk Ak sk hh koA E Lk kk ALk h b e b b de b b b b drodp drodr oo
N dr dp dp dp dp dp dir dr I3 . b & h dr ok b h dr b Jrodg b b b & & & & b b b b & g & bk ok dh bbb bk bfb Y Jr dr dr dr dr Jp dr Jr 0r O dr dp dp o m
[ 3 dodr b & b b X X ar dr N & & & & & b & & & b & & & & & & b & & b b & b b & k b & & b b & & & &b & & & dr e dr O o Jr Jr 0 O 0 dr 0 0 0
L Jl‘l" dr dp dp dp dr dr dr i i r - B R I N I O T ¥ Uk k bk b b kK o i
L) L N N aaE IT HI o bkwtutbkﬁkbtbbbtbtbk}tntbkmkbtbkwtbtbkmkbtbtbtuhbbbbwbbk}bbtkakbtbkmbbtkhbtbbbt h B b e e e e e e ] #Jlr}l##k#.
L P L] ¥ i X F I A a e

A b =2 2 bk =k k&

{(3dfel)epoisg

AP ¥ IRt S

R s i i

............... LT,
L R e I ]
R .n_ '

P
o o oo oW
P R R

A &

LT

'I.I..‘*

*l
U |

L J

LI L

K
'l
l-

e e .
e N e Y Y
. PR L

ST e e e e e T T R
PR T Tl el Rl " e T T T T
..... ..

F
. '

pe

L NN N

L '.'.‘.-.-...-.*.'.*.'.'.'.'

R )

k™

-+

* -

4
L]

L I U S

..r...l.l.l.l..h..r“l”...“

-
NN
LT T T T T

+

+*

-+

+ ¥
1
I-l-‘l

]
-

-

'.‘.'-..-\._‘-\:-\.‘-\:
+

‘I
.

.IlI
L

.
i

¥
E
)
]
]
4.'
1
5
[ 4
- .I. - -
._.!.:.'
:
[ ]
'?:'
]
W

- PR A
il el I R T "

-

.
'

e e e ) R
T R el Tl T T N A B I

L]

-

Al

L

.l..-.].......l...l.....\l!...f.r{_,.l. [ T T T T
. f*ll*%‘**lll‘

A F i roa i Bk BB R E P S kd o hd bk

) asAe|

ASL



US 2023/0301203 Al

Sep. 21, 2023 Sheet 4 of 10

Patent Application Publication

¢ Dl

“ s

FEACLE
R ek e A b,

. ._J.--.._l.ﬂ . C e i .
. T = ¥l - ! - "
- L
: ﬁﬂ.ﬂh‘t h e Y 3 ) 1 ) ' r [}
.or . ! . Ll
-
w .._...l..._..l_...__..l..._...l..__..l..__..l...__.l..__..l._-_.l...__..l..__..l..__..l......ll.llll.i.l.il.l.i.l.l.i.l.l.l.l.l.il.l.i. - - - - f
drrrr N A N N L N N N N N N N N N N N W - .
N rrororor rr @ rr - . a [ - . [ [
- r P om Y .ok [ ] r - ] l... -
. » "a' L3 “a ' -
L] L] - - . n
ry F 3 -
N ..... - i
L | L] L ]
- - - -
L | L - ]
e F - -
L] L L]
- » - -
[ . r ]
=y Ny . "
- » W * " Y Ll v ¥ v ¥ ¥ v P
l.. .i... "l. - o
] " . ‘. .
- - ) -
[ ] a 2 m a 2 2 2 2 2 2 2 2 2 =2 a2 & 2 =2 a2 = & . .l.'.‘. - . L] L r F ' ' r r []
r} F LOF - - .
. cLh . u
- » - -
1] . . ]
r} - - . -
1] a &2 = & . T | ]
ry F . - -
N W . oy - ! i
L - ‘m Ta a
N h-..._ . - 3 - i
. -4 -a . i
".__ - - . - b
i i.-.... T, ...-.-....+ i
n " - o ]
W y . i “n
. A - et "
4 » . . -
r - r e "} | |
- . k- -
l”-_ - . ]
- o -
. Ta T - -
. - R Py 3
rl - " - . -
L | T i 1 []
- - 1. N -
. "a ] . Y et
L | T - & r - - Fa P |
N * o ¢ - p's e u .
r} e r ek a -
v a T -.r.r- .. b A
"l. - - L S L) . i
1 \ - ' L ' x
. - “u -
li L . lI
i r Pt L]
- - " x -
[ | r droa ']
ry - . -
1 ) "a ) 1..."
. Ta - -
1] . - L ]
ry - W . -
"y Ta T T ) l..-._.ml. a
1] . r e oM LN - N ]
El L] L - ] o W - -
1] 2 a mh v . .-llli . Ll - Lo ]
ry a - . -l -
n a e aw - .. . . ol - ]
- a s B L] a i . . v -
L | P L r - ha f e s E ']
) aa - W X . oy -
i ninni.-.... . - e _-_Il - i
n a s ah r .. 1 . | . ] ¥ . “_.
a a2 m - s " r - r r
1 iiiii.-.... ) N "a . LIl.I-._ - !H ) . - .l..." T om
1] A a a W v . . . . P . . . . . .
ay - r o - -
. Ty . . P . . . Tl - . ]
T nlr.._ n At . liIlII-_ ! Hﬂ ) “n - b
NI P . . FLEEE . . o - .-
-“ i.-.... . ] . . . .-_....l . " .IH . -_ll ”-
1] a . [} N - - L]
- » lllll - -
1] a . 1 r . . . . N x ’ ]
) - - -l .- -
P - - - e A . B = rhk . | ]
- * + 4.4 L |y - -
- . - - & a - » . - L] [ ]
r] » - W k. A-I-u._ A -
1] - T Bl - . T ]
- - o o e -
v 1 w 2 o >
- - W B . 2 -
".__1 . ) | . T -"
- v e P .
.- l“ A » Ly "
V- . wr, T ! S "n
- - . n e 4 -
".‘ - - ' ._.+. . |"
. . " _ -
- - ] -
. - (] E“. "a St - .
-...‘- i W Ta -Hh - - . o .-M...
. N- ..‘. “u 4 - -
L] r A i .
- - A -
. "y r -
. Ta' N} .
L) - e .
1] .
ry
. .
1] 3

-
i

yEyS, 8 8 a8,

>

-.-.-.-.-.-.-.-.JI.-.-.-.-.-.-.-.-.-.

b

E

>

e
'’
.
L]
L]
L]
L]
L]
L]
L]
L]
L]
L]
L]
L]
L]
L]
L]
L]
L]
L]
L]
L]

LI T T T T T T O T T I O O I T O O T O I Y |

=
L}

L]

L]

W o
L}
.-

rFr

* 5 F F F B

E

1
[}
.
.
1
.
.
1
.
1
[}
.
.
1
.
.
[}
.
1
1
.
.
1
.
1
[}
.
.
1
.
.
1
.
1
1
.
.
1
.
.
[}
.
.
1
.
.
1
.
1
[}

ok

ok

et e
-l--l--ll-ll‘_-llil-ll-lli-l'

&

[ ]
[
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[
[ ]
[ ]
[ ]
[ ]
[ ]
[
[ ]
[ ]
[ ]
[ ]
[ ]
f ]
[ ]
[ ]
[
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[
[ ]
r
[ ]

E

g T

i

E
4 %1 4 8 5 8§ 4 8§ 54 §% 54 8§ 8% 4 4 8 8% 9% 8 4§ 4

.l
X
e
1
-
[
»

T
[ I

F F FFFEFEFEFEFEFEFEFEEFEFEEFEEFEY FEFEFERER

r
.-..-..-..-..-—.-..-..

: E:-J{-

LR R

)
u H RO M
L T N N N 0 N O I T ] I T LECHENE N B

r r rrrrr
.-...-....-.;..J.-..-..-..-.-..-..-..J.a"-...-—.-. rFFFFFrFrFrFrErEr - F FFFFrFrFrFrEeErmr FFFFFrFrFrErFErerEr " -F FFrFFEFrFrrErerer



Patent Application Publication

L) r
-I-

.-
s
§
s
s
2
s
s
2
s
s
2
s
5.
r
s
s
2
s
s
“. r
:: » Fi—
:
s
2
s
s
2
s
s
2
s
s
3
s
2
s
s
2
s
s
2
s
. F
1

C5Hy

L]

0 0 0 0 0
- k . * L] - "
»

&
L]
e e .
E]
L]

*

*
%
<
]

]
5

o

3 3 - 3

. -
4
- “ﬂ

-~ _._.ﬁ.‘*:';*’_f' 'ﬂ ﬁ * K 2 B x ¥

"..".."..'-.FL"..".."..".."..".."..'l".."..".."..".."..'l"..".."..'l'L'.::.."..".."..'l"..".."..".."..'..""..".."..'l".."..".."';".."..::k"L"..'l".."..".."..".."..'l".."..".."..".."..'l"..".."..'l"..*:'c"."..".."..'l"..".."..'l'..".."..""..".."..'l".."..".."..";.ﬁﬁ.".."..'l"..".."..'l"..".."..'l"..".."..'l"..".."..'l".."..".."4:';'.."..".."..hﬁﬁﬂﬁﬁﬂﬁﬁhﬁﬁﬂhﬁﬂﬁﬁhﬁﬁhﬁﬂ
T '
- [ ] -

R R R R R e et e A R R R R R R R
[ - - - - . row
- - -k

- R s o
PR PP P, PP PP S s, SN, L AP PP, S

ﬁ ;;_3; L&

Sep. 21, 2023 Sheet 5 of 10

- . .
F . LS

300

0 -.*- -q---- CR 0 LI [ L T LI TR TR T R R S R R B}
& 4 * r ¥ 4 vk Tk B - i N4
PN S EERCERCR kKA - C A W c m R R ek d o or ok d o X ke X R R R RN
L] i » =i 1 L e L e L &R hrrFy B
e EL Ll L R el e T ey,

g

r
-'i.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.-.

oo oy Sy o o)

o8
_,,",,‘.
¢

. P .
B e I I T T o L T o T o o L, P T P R, S L O T P, L TS e P R

o
I

¥ ..lﬂ‘ _I-:q-Ti:
8 @

-
L |
A S T T T T T T T T S T A S T A S T T S T A N T N T S T A S T A S T A S T A S T A A T A N T WY

a}
2

-
-

'-'-‘-'-'-‘-'-'-:-':'i‘-'-'-‘-'-'-‘-'-'-

.

1485

R R R

185

1
-
L]

f::r-".';:":"."."."."'.-',-‘_-‘_-‘.-‘_-‘_-‘..‘_.‘_.j.:

ey R
m '*f"‘\v

.-'.-'.-'.-‘.-‘.-'.-.i'.-'.-‘.-'.-'.-‘.-'.-'.-‘.-'.-'.-‘.-'i'.-‘.-‘.-'.-'.-‘.-‘.-‘.-‘.-‘.-‘.-‘.-

176

US 2023/0301203 Al

HG. 4



US 2023/0301203 Al

Sep. 21, 2023 Sheet 6 of 10

Patent Application Publication

G B4

mma £33 SINSERAS

-

L3
*

-

-i'.. . -._-'- e -.-- e

l.._.ln.‘l.nl.._-_.rnI .-_.-.-...-..I

-

o oF 6

.".l.l.l.i.l.i.lil.i;ll.i.l.l.ial.l..l.l.l.l..lﬁi.l.linll ..l.l.i.l..l.l_.i.l._..l.l..l.l.l.lll.l..l.l..l....i.ﬂ..i.l.li;l.l.iﬁl..li;ll.i.l.@.i.l.l.i.l.l.l .l..l.l..l....i.lt...l..l.lml.l.lt.,.l.l.i.l.l.l.lﬁ..i.l.i.l.li m
u - L L, A R M LA el :
] .
s i
] o
o .
;
~.. .
] .
i
a <
4 :
] . . P - - .I..rll.i - . HE
e L L e R N I NP S ..____.n~ et ..U-__.-.__-._.u._
i 2 R Rmed e ,.ﬁ._"...” s w}. S L
] AL ....”l”. .. .-_._..-. . i i -n..‘_.-..-_.__.._l e I 1 i....”. ... .r.-.l.-_.“.-.-_.r.-.l f-‘"”.-_.-w
A a ...“h-.ﬁ_.. ...ruﬁ.. - ...m.w....mw.. h.a.:.n..ﬁ...u.”.u...”u.. DA .,.....“nmn....r:.u.., s .h........
- i, E.n.... o Lk B o a ko a - H
" . .-.l._-\-.-,.__l.__ r . .”.”....“ -.-_””””.H-nlﬂ.-.-_”'..l..ﬂ-.n.rlill“" Fa algn. A E ...-. .....
" % - .u...nqun.uuqu.._.._....._”_.”..u.,_.___”..”u._. .....
..- SRR R g ....I.t R Ml ... ”-._ . 5 i.t.ll_-l-.-.._. - .—”.._“l“l.l.._il”.._“.ll..-. . .-_”.'.-.1_.-__.‘..- . .i.- P L ettt
B ™ e » N i iy, B ko Sy Y .-_-_.__-I._.Il.-.i . », T E. ¥ u
. s .__.lw”.._u-__.nu._“un,n"nu__.uf ...._W.n”“.._H.._..._w.._................rn-_- ” -n”u._.___..._uu et .....____ Ml Y, .-.._u_” .__..nunm-u"npﬂ...u"-.“nur“-_hu-vlhﬁ 3
.”- T . .. . . J-_ . .-”nn.t".“..__-.- . . . .. . o tl.J "..l_-ﬂ M .
] . . aE . 0F . .. .. e . a dp ol - . . . . .. . .
..".,_ . ‘. .ll.-.-.h.._.-__.i._.._.l.llh..- ”.”I._. . ._I. 1h.....“-_”.I"..1..L-_ n””..”””””_ liﬁl#ﬂi”ﬁ.“i.—“l'l no
Ty . t.“_-...___. ....I...... "s i T .__ . .._ .___.-.._-... -.._ ._.._.. . -.._"_.uﬂ .__.ﬂb .___a.l_......__.l.._.___!....w.__ .r_-..__n ._-"t.__. ._-l-....._}g_- .-1- _._wll A ._.Hi |!._.r.._..r"h_._.._..__t ___.__l.-..i
. ._..._nl F - . 1|||.l-..r h.__ .-.'..rn & n.vl.-l.rnl n.__.ln.-.ll.._l .- ll libl‘l% AEHK
: Rl s ,..nmr-n” “r e R e .“. A .:...U. . -.".W; s Mr
- oMt . - wE .- oLt . .-.__ ..rllnb.-r.iintin .l.n.__.__.___l * .r n.__.l x ||.—Ui..tl_.il.l. Ve - at Tam
. P P . . . - . . L a . [ a .l - ¥ & h & .r & .r
M-. lnr!.nuv . .___“_.... - ...“.”_m.._-__-...._._....l..l_..- C ulur .”.-._ - .._._..-..._.._._ .._u!_-" . .-.r...t.“..””.“._-._....__....i-.r.._n..-_ " _ﬂ___...._ .__.u_..-__..___ i
" . N RN .__._._t,. :..._l..“.“-_“._."..._-t_-ﬁi_.w... ¥ " . .._-._.n .. L] - LT
. .f ] .-1._.- . e . " | .“_.-.-_ .".1.-.1 -, LI .-_.._..l .l._-l IT_.- n &
J.-ﬁl-a " W .- . “t oo e e e e . . 4
. l.l_l_. . . ..1 S I*Dl. - [ “‘-_ [ ]
: . . . . ._H. oy “.. .-_. . e “
2 i .

! . .
) ) . ‘. Ly A l.._lu. .. . . '

) ..Illlt_ . ..u.....-_.rhI_I......-.q.l.-..._.”.-_- .!l...l!.l......:.l.l.!“ [h” ” ”i ”_.._W”.r..--l.”.__”.r ibi“”ﬁltbii“l.““b“"“i“'” -, Qmm w

2 " - & ' ] " - a A . . . .
e S R T e R ¥ -

. . M e -lvn.-..rl . LT ”.-_
w - 11 - . . 1
. o - v Mv‘mﬂlﬂ. e
: £ = SRS _rw..r.w v
4 > Ll P U ._
a ¢ T T & S R » * .
f PERERE SUICCR e SR LT S . o
4 g : ORIE A v o d ; . .
..- " o l"_ - wr i..__.l.ln.-_l_-i.._.__. -_ . 1I..Hn|ll“l . . ' . o i..-._ h =
u . - L * il.__.'l.-l...l.. .-..-..r-.__l.._ -..l_._.l.._“”'”i_.._l.-_ o - - ] |‘FI..
~." L a0 "u”..“._.._.i_qu_._i-. H-tu“hn..t”..”_”--uu"“““. auuu...”-t . __.. . .
... l.-_ . ..-...__ -.nln -_l.-.l.l o .__.rl l.l“..-_l.l-_-_.__ N Il.:.l.l.......-.t..-.l......! : L-_. .ﬂ. ;
. ' R ks awa P L
: P AERN B R ot Y .
..-.I . .. -_”.-.“I- . .-_." . “.__”.._“‘_.Hl.”i.l-_ R '”.1“.__“ .-.I.”.l. X L “.._.rl..niuvu_.inl.h S i.“.-_”"“"” '....l"”t.l.iii “.._"l”ih . »
: . e B s e T et :
A . 4 TR e S N .
A e e P,
LN N . . o, - . .-“l..._l_“.__ a “. ”-.“.Ii.h.ll.li.__.l“l.l.”.._.-_i LI l-_ - ow b K me. .
A N L : S S0 e . A LS N
..m . : . h-_L"...-__.". . . “. . . ” ..... . . : . v . .. .
'3 . = i .h.f. L
[} . C e . v, . " d LT | r
.”-.._. . . . . . . . . . - u . _.... 3 ”Wt..ﬁ_”,i..n.. Ml“r w. 4 - -
" . . oa . . . .- . n. L mm -
oA : ¢ : LS
..- . h o o . l.._.__.-_. - LA o . - . oa
.I v L . - ey Lx . s O . . T . . .n.- .
] . . A .. . - N ..
.”- h s . . ”..-_ o ..-..'..... ._..__.._i_ .-.‘..._ll.._.__”mlM
- . . - RN -k e el
o N R E.mn.”.”...”ﬂ.. B R
i e e e e e e e e - i & b oa e m N A S * h W LICIN pEE | R .
- R " A a gt .._h.rI”.h.._.i-_h T iy ll..l-_.-.ll:. I.I. * .P....l'l. .rih iy 1.__:h 2 . . -
ki i ..,.u.um.nn...u“n.”u.“nﬂm v W. “uﬂ-...un...wmm..ww"h.%..m. S T N
] . L ] " e ] . T EATA . * .. . . R B ..“l.-l.-
3 - R R ..u.,.... waet LT, T o
- . Ao HEEE St b
W e LT R ATS R O
e . e : ? . T e
.o - r . . . .. b ' . . .
g 5 it ’ % ¥ .
.“- . . 1” . . » b 1.
] . . . . . A . . e -
.”- i...-_ . .. » 2 -
+ e e . .
A A T . :
e . .
4 ¥ AR NS & ! 1
‘i [ - .-..”-_.._.__..__..__ Y » * . . . .
.“- l” . l..I.I.-“_v”““““.__“..-l."...hl.l ¥ * - . 2
.- - . ibih.l.._ H.h X ..._i.._.__.- ..... L
o 3 EEEE k o GO
.- - . ) .._.-_L....._ r . . . ) . .
.”- ; .. ..____-..__ ™ .......”n.ri.-_l“_-l - . - . .“.
..- U_ . il.....”.l”li ” ”—_.l.-..“i.liiilri.ri.._”:. . !._l.-_.-..._l_l.l .............. . .h_ ... . e e e ..II.-.
2 e A AR R el T e e ...,.. ¥
.“.v ' __.-n .._..-.._ .l..u.!.-.l.._...n s -.rU-..-l I"I.Lll.li._- Ll i ln“l.-l .I.LI.IIIEI:.I.....l... II..I |-.I_ B ataTy .l1. ._-..._.Iu g, .
. B A I o S B Tl At
- .-.__.-. .__.__.__. ] s - .-inl.!t. rnn.“l. .
A s e T T T o _-_..__.-n_-.___._.___._..._-.__.-t.___n..._t... e 1
] ] * '..II.J! & - i o oy .-l_ . . .o . .
.“- oy ”."”_.l..””. . l.nl..l"i”...l.in-l.__.“.l-. W .-i A “.n”_"_”"-.".._”" I.v ..... . . - ..l_ . . . . .. .
L e .._.-_._-.r = e IT..._.._.!-.._..-_.._._.. S R [ ] rir. PR [ . -
.."..I_.l .rlu..iI” -_.._"““I.-.. ) !l..”--ll.ll.l.r.i.“‘il.._ .”. .."”.-.i__h .lh"”iHWH.".-.”l.- . l.. ] Lo L n ““ﬁ - mm ' .- ? )
..“ . } ) - .._.“.-.ﬂtu_ . ..__-..__H-H.._H:HIU.““-_I... .-.L-_ -_..l._-l.-_ll " . . ".-_ . L . . h}“”!ﬂﬁ ' . . .N. .
L o . . . - . , .
‘u 0 ! . L. ¥ LT,
K . . . . *
s :
A *
]
3 :
LI ]
L]

S 2ot TP Crirs Tttt dut

R R P R R RN N NN W WG

li.-_.-.:..-_.-._-...-l... IR ' Ll .-_

MW-.. 1.-;_.-&....‘_.-,1.....? .11.1 w.. ...... - n.u_..-.T..n A A q.wnﬂu._-r.r-vr#&mmhnﬂﬂﬂﬂ}...ﬂ..q ._.,..._......ﬂ h....!..f

. o
éﬂ-ﬁ#éﬂéﬂ}‘

IR L SO TRl AU EEEEEY -~  EEE 3
S R SN .m ..w .“...\‘ ..f.f ST
EAR I k3 i NS T,

Loh CRC Y N T N o A & Loh L L]

. N . B
- . . e . . w . . .-.' ......... - R
. A . e T 25 Xl T T A A

L)
L
o
L, |

Y
T

o

i

L)
L
F
A

Ya
e
LI |

L

*i'*i'

*b*b

_n_1

'I. l.i.l.l.l | "l ol ]

r
I
"
n

. . . . e . .
............. - .r.-..._._..__.-..__.-..._..-.....- .. ‘. I..__I_.-I_.-I.ll_.-l_.._l..l.l._-.l.n.l.l.l.l.I_lrl.r.....r.....rl_I_..!.l.l.l.l..l_I.I_I_I.I_I_I.I_.I_.n. . C e e e e .l}.;. I_-. .rtl.
AL 0 LIl ...._.l.-. ....._.-.i Ta .-_ [ " i I . . I-..-._.ln.ll.i a . A el b O L L P TR il L I ....1-_..... IR Cm .......-.!..-. v -_.-..-.i_. .-_.-.:_.-_.-. u.

...... S A . . .. e . . R A AR .i..

e T e Ly '

et o e e e e

U

SRy

ey Ay



5} XHA

'

aat
L o T
L N o

o -
.__._4....._.._..._.._”...._.._-_.__.

..1..1..1.....-..-_.-..1 »

US 2023/0301203 Al

o o I T

: ar r -
D B e s ke b

Bk . e F Ok .. Nk

-y kX oy . L el
N W) . ._._IHIHIMI._..!.

Py P e el e ) R u e

- .t.-.l.__l___l.rl..-_.._l....l..i.-_bitl.lﬁ.._1.-..-.. Il..r.t.r.T.._.__.r.r.r.T

) N Pl b oaoa kg

T S S Tl T g Wl el S i,
. iyt P N N
S e e et

%

.
e e e T et A .
& & L & F o
B i tp ey N, ' 1“-..._ etaRet et . N I N A "y
e A T Ll i : . . JiaFEa - Bk Ak . i PR o o N e - i .ll.
. a bk s bk kB . g . . . - Jpdr b 1w . e oy . - . - a . r b b by . . . & 5 "
ok e A r . . . . . e . ' ur a dr . . . e [ f ur
. . ol dpde e g BOROP L. ! ; ; R . - - ! R .. . _ i B N s
r & - 3 3 N | | . . - - o n N FF & . -

. . . : ’ MK ! .. F " - ey T o s b

LI . . X . ;. . - i i g . R . R - ......_i-.r

e - . . S ; . . . . . e - K : ¥ A o .._lllv.. e

. . . . S ! y . ; ! . . R R ! o o [ S

. | [ T R . . ! . L. . . . . [l . r rh oma

. . . A N ; . . . . . . .. i w

- NN L ; . : - . T ; x . rataety

k . . . . e ) . . .. . .. ) B i
pdr F o dr Rk dp . . . p . . . . X oa a .
. . [ i .-..-.I.-......r.-..n P L. L. - . . . L - . . R . . . R 1 R .-...._.- -
lj.l.nq I.-_E._.T_-.. C e on . I .. ‘a . . L . . Y - e .
Fa Bk o1 - bk . . . . ’ .
. S .. . . . . . . . . . L. .. -
.r..'l..-b.‘.l . . . . .
R -......r.__.-_....n o R - P e e . . P . R C e .

r kF F

-T°T St IBUMp
Ui suiole
UBE0IDAY

.
"

-

[ B ]
LR DY
L

- #'-i'_#l-b"-i
L

X~
.
x's

[ ]
r
.

F
.

T

e

- 19
T isunp uaSoapAH

. Tata
. - .
A

O Sl o, nr.

. . . . H h 1i.‘..‘l.l-.l-l.l.ll.l-l.lr .rl...l.‘l..l-l.l.-l. - ———— . ..
. Y e [
R .
N )
P ...-._:..._.._ 11.._..-_I__..-.l_ .-. -
. ) . Y " . PR e i -
. . - e L .-..i.
.o A . - .
L .o . . T AL T A - - ....4.__.-_. . A
". - - . - . . b -
. . . . . e LN . o e .
. . oy h‘ N oa ol oa b Bl b Bod oy s on e .. . T T .
R R N TR o AP e . . -
. X o A W N o N R e . .
] FOF gl dp o om ko de i dp e Ak . . . -
Lo . . . . . ‘._. N N NN NN o . . .
i . W Ak kWA b s M Ao a . . . . .
- . s ' . . . . . . . kP . - F o b i ok -
F ....- .‘” - N 1........ ! r.-_l.-......r.__.._i.._11 R a o N 3
. TR - SR IR R PRI RSN K. a e M AN X ST SRR X
.__r.-_l‘l..... .- e N . . - W b b omoa e el e ke ek kA L .. .. . .
A i kR ' Wk m oaaa o i & s a N N
P R e N ] N RN ERERENX )] i & ow . . .
P W N R ' B u e  k R S gy e oy ".-......._..__-.......___
Pl N - e LN P A P ) .
L A .4..1....-“# Ay e R - L AL .
a Y . > .
e . .

L

SHLQIR s
| e IO 3404

Sep. 21, 2023 Sheet 7 of 10

O
.-
5 B -
.

i

™ "
“_. aTen 1...“. H”._._._._.__.
RO o L NN
..-__-.l..__..__ . LA woa k kW
' o [] W h k rorowoa kW
™ e I |
3 i L wowow kgl
Y y oa s owoaa kW
. PN N
s NN N N
[ i p L
. N NN A S
AT e b e e e e
o N N W N NN N

B dr e ol g omie ko ka1

[ ] F ] F . .
A __.“.:” .. ._-_“.-._- ety
el e it ) B
) . A
L SR R S L

W i b d @ M b e e e e
N oAm . [ T .
-‘!”.HI‘-.%U.{ 5 -.I.-'-..-‘-..-..-..-‘-
. . a .

u........._.....r-

A e e ol e
L I RN

USd0IpAY

-

) - .
. r.....-_l..- -

N
- ow

kA B & W dp dpdr o &k aoa ko

TsloBlcle

Patent Application Publication



£ "1

US 2023/0301203 Al

X
AT *n,.“mn.. .

- .
R a'.
P -_I:_-.

. I ] - -
.. .-..-..__.._.r.....-_.-. » _..-..-..__I.r.rI. .
RN "t
._..__..__.._........l..-......-.. LT 1l..... - - a
P . .

80L
904

Sep. 21, 2023 Sheet 8 of 10

0L
34NIONILS 150U

JULYIBUL B3 XHX
014

. -_.-..__ )
- i...

1.I..
..__..__ .._..__..-..__i.n....lu.l .
.....-..-......_._'...Jﬂiu_-. ]

R -y
N SRR
Bl RN

o

e

i
oy

__ I _?m_._.w_

_ _ ~ {303/ SiNIoNJ3s
{AUX 10 STH “2'9) TTL / VoL i nem e
3AMIONALS 1Sans 1B0Y 15915

Patent Application Publication



5 D

US 2023/0301203 Al

ainssatd
AUISe310U]
S3IBIPU
P18 MOLY

. .. ) . .
. . . .
. X
. o . N -N
.h......_..._......_....
Pl
e ey
. ..H&H M
. ) w
. .
.-....l..-.. .
. . . w A o
o r
[ - . ..._-?....._q.4........_q........._.............._....n...n....n....n....n....n....n....n....n....n....n....n....n....n....n....n....n....n....n....n....n.........n.........n..1.....l Caa e
R e P T L e O I R T S S S Sy Syt e S ey S R S S R R R
R A e i . e - - .
sy iy sy oy iy e e e e e e e Oy oy dp e dp dp dp dp dr Jdp dp dp dp dp dr dp dr dr dr de de dr de drdr dr dr Jr O Jr & Jr b b b b & b & & & & & & & b 2 & m & 2 2 2 a2 m m a2 m aa = s aa aa e e T T T T T T TR ' '
A T I T T T T e T LN I R I
m . T M M 2 2 M M 2 A M N L N A A M NN MR A I R R
. .o [ x wr i ar e Pl g rrrrcrr Frr P e e T ' '
i ™ ¥ x y ™ > e de de dp de de de A de a2 k. rrrror o [T T T T T T T T R T '
. “w ] . Y i ar ar L o e S e S S S S S A T A A A A Y N T '
w4 i e WA o W a e d e dp e e e e e g drdr B e kb b dr b M M B Ak M kb kM Mk oa koad Fror P e e e e e ' '
. . - I N i I b o d b d b dp de Jp dp o dp dr dr dr dr Je Or Je Jr Jr e b Jr b U & Jr b b b b b b b & A & P N N N ' '
1 ﬁm 3 m}. iy i #m i ¥ i dr b A B b drdr b dr dr o Jr e O Jr br b O b b & kb b & b b & b b &k b b & b a & T R R R T T e T T R T S T T T T T T T T T T '
. . [ ur ar dr dr dr drdr i dr A dp de Jr dr dr e e de de de dr dr dr Jdr Jr Jo de A de B dr i b M M B A A& rrrrrrrrr P P P R LR R P R '
v oy ™ i i ™ x oy ™ x ax .r.....r.-...r.....r.r.r.r.....r.....r.-...r.r.r.r.r.r....r.r.r.__.r.r.r.._.r.r.r.._.r.._.__.._.r.._.__.._.r.__.__.__.r.._.__.._.r.._.__.._.r.._.__.._.__.._.__i.__.__.__i.__.._.__ T N )
) . 3 ) ) . .....-..-......-..._..-......-..._..-..._..__..._..-..._.._...._..-......_...._.._...._......._......._.}.#}.#}.k}.#}.#}.k}.#}.#kk}.###}.k ........r.....v._...r._..........v.....r.....t Jrdr doode de de drodr oo b Oc B B A & & b & & b b b & b b b b a ok oa PR R R T T T T T T T S T S S S S S S S '
. Wl e M e i ey g sy e e e e e e iy e oy e dp dp dp dp Jp o dr dr Op Jr Jp dp Jp Jp Jp Jr Jr Jdr Jp dr de Jr Jr O Jr Jr dr Jr Jr e Ue e e b Jr b U b bk &b k& & & P N L T T T e e S S S T R '
D o I . I T I T o o e o o i o g S S S e e e S A S S S S S e e A A A S e e S A T ] O N T ' '
n— _ M a el e b ipp i i e e e ey iy iy i dp e e dp dr dp dpdr dp dr dpp p e dp dp dp de dr dr e e de de de dr Jr Qi Jdr M o B de h dr i dr b M M B A A& rrrrrrrrrr PP R r R PP T T ' '
w ol iy iy iy oy e e e e e e sy iy dp oy dp e dp dp dp dp dp dp dp dp dp dp dp dp dp de e de dp dr drdr dr dr dr de Or Je Or Jr 0 b Or b b & b b h b b h b & & b b b h oa h a B I R '
. . . L a a e ey dp oyl e e e e ey iy iy il e e dp e e e dr g g drdp b b dr b dp b dp de de b de b de de de de de dr b de de b de B b b b Mk A A & N '
L e i i N NN N ] ' '
. . W Ol el e M O e dp oyl e dp e r iy oy e e e i e Jdp e dp dp dp dp dp Jrodp Jr dr dp dp Jp Jr Jp Jp Jp Jr Jr e Je Jr Or O Jr Or U b dr & U b 0 b M b b & b h & & & P ' '
O ﬁam P o T Il I o I I  n a S S S S S B S S N N N '
. . W MR M e U ip ip i i iy gy e iy ip iy i il i e dp p p dp A A dr dp p drdr dp dp dr dr dr de e e e de de dr dr dr e do de de de dr Jr b i M B B A A M e Crrr e '
w lp dp oyl e e e O e e e dp e dp e e i dp e dp e dp e e e dp dp dp dp dp dp de dp de dp de dp de dr dr drdr drdr Jr b Jdr & dr b e b b b A & M A & & & b ma k oa ko m ok o R R R R ) ' '
. N N N N N N N I I I Al s A e S S A S Sl Sy S Sy S Sy R A S A S o S S A A A A A Y r o Frr e e e T ' ' . '
W W W dp e dp ip ip ol e e e e i .._......._..._..._..._..._..._......._..._.....................r.r.r....r.r.r.r.r.r.r.r.r.r.t.r.-.r.._.__.._.._.__.._-%‘.__.__.._.__.__.._.__n.._n .& N ' -
. e N N N N N N N N N N N N p iy g e e ey ey g dp dp dp dp dp dr e dr Jr Jp dp Jp Jp Jp Jr Jr dr Jp e de Jr dr O O dr Jr Jr 0 Ar & Or Y EREERENR] ro- R T e T T T T ' '
P B . B T I O O A e o o o e T o R e S B e e e S e R S e S e S A S S S Rl S S S S S A e Y r o e e ' '
- . k N ) e i i ey e iy iy iy i e e dp dp dp dp e dr dr dp dp p e dp dp dp de dr dr e e b de de dr dr i Jdr M o ok A dr b b M M E A A A e Frr P e e T ' '
.l o el e e e e e i e iy ey e Jr dp dp dp dp dp dp dp dp dp dp dp dp dp dp dp dp de de dedp dr drdr dr dr drde e Je Or Jr o b Or b b & b b h bk h & & & b & A & R T T T T T T T T T T T T '
N N N N A N e il il il ey iy iy il e dp e e e g g drdp b b dr b b b dp de de b b b b de de de de dr Jr b b b b B b b b M B A & N T ' C nma
W a i W i dr p i A g i i e NN N ' ' W N
N N iy i iy i Y p e g dpdr dr dp drdp dp e i dp dp e e e e de e de e de b ke b ek A kA R R R e e R e T R T R T RN ! .
wod W b b dr dp dp e o e T T o e o o S S S S e T S S S S S S e e e A S Y N N N ' % 0 ki
9 s a0 A N N R ] L I R e e R R R T R T A
Ul ol el e iy e dp ol ey e de e e Jp dp dp e ap e Jdp ey dp gy dp dp dp dp dp de dp de dp de dp dr dr dr dr de Jr de Jr b e b Jr & Jr b & b b &b k& k& P T T T T ' ' N o o i
B e N N dr iy e e ey el ey e e e dp e ey dp de ey de e dp de by de de e e de de de e de bk de b U kA Ak N N N N N N Lo e
S u W p dp i e e e e i i P i i i N ]
o s iy i iy iy e p i dp e dr p p dr dp dpdp dp dp dp dr dp de dp dr e e e de de e de dr de b de d de & de kU e dp R A
W W W i b e e e e e L e I I R T g e o g e S e R i i e R N g
Wt W it iy 0 iy gty iy e i iy e ey iy iyl e dr e dp dp A ey dp il dr dp de dp dp dp e e e de b e e de de d ok de b e A de b e A de
W W iy i dr e e i ar i i dr e e dr e e e e dp e p e e e Uy e e e e e e e e de e e b b e bk ok kM M Ak kM Ak k
N R e e  a dr iy e e ey e ey iy e i e dr e e dr de e e dr de e e dp dr b de e e g de e e de de b de de ke b A b de kA Ak
Jr W e it i iy e iy iy iy i iy i dp iy Ay iy i ey Ay dr ey ey ey e e e de e e e g dr e de kb kA Ak kA Ak
e e i N P el el i gl i i i il i i g g x> P N N
e N o L I T N NNy ielt Figfid . R ey
e e B N N e A e al sl al sl el el PN NN NN
N N o N o o L g e g e g et A g g RN
e e e  a aal ad a a ¥ u RN
B e e N e o > P
W A R iy b e e iy 0 i e ol ey e e dp e dr ey e e dp dr ey dp ey e g e e e e e e e e e x ' RN
T T W W i iy ey iy iy iy il i e e iy iy dp ey dp e e dp o dp A e dp dp e e x x> Hoa ok ok k
e L sl el i . e ey P
e N N N N N R
I MM Al M AL NN e e e e e e o o e e e e e e e e e e e b
R R e e  a ) iy e iy iy iy iy i i iy e ey dp ey dr dp dr dp dr g dp dr e e dp de e e de g e e de e e d kb
I I L A .__.........._..__............._..._......_................_..._......_...................._..._.........._......_............._......_..................r...........r..........r..........r....r._..r....r....r....r“.r.r.r..._..r.r.._....r._..._.r.r Pttt
L e e e e i
R N e N N A ar sl s i i g i g gl ey :
W a ki de W e e e e e ety dr e e dp e e dr e e e e de e ey drdr dp de ey e d e e e e e e e
S Wttt i o iy i iy i ey iy ey iy il e dp e dp A e e dp dp dpdp dp A dp dp dp A A
e e N a  a a a a ar a a a araral i al alar allalaltal
W W e W W W e e iy dr e ey i e e e ey e de e dr e e dr e e g dp dr de e
O e e S o o o e e
L N N a a a  a a a a a a al ar a al ar a ar al a el gl i gl il i e i
AW A ke oy i iy e e e iy e e ety dp e e dp d e e e d e e dp de e ey e e e g e e de de e e e de d
» X ar dr
I e e N T T R T
N N I O N B R I O g g e v S g e e R g e R g S T R Sy e S A i A At
- R L e N ur ur dr e i . o dr dr dp o T e e e e Al
X LA R o W A I T T T T T T
LaC Y e x k) MY v o N~ e W e e
' o i & i - i de g de b drde g b i A
e B A e N N e
d ! L dr e e g de e e ke ke ke A * YN RN
¢ w A drdrdr e dr e drd b i dr dr dr de A F 1
p ol dr dr dr dr dp de dp dr S f dr de dr e e B K ar N RN
(S 4 drdrdr b b dr de O dpdp b b A b e 0 . [ S e A S S S S A A Y
i o U e U e e e e e e e e - X Ak e ORI A IR
N A A A e N e R R R I . AN oy
x M e i aaa ) P i i ar iy i dp i A m
Pl L N N d d e g b de g b bk bk kA i iy e i L ) Pl
e e ety it fialty ity e e e P P S ey et
Fatataatet e .ru%. > ﬁ N T ) Fa S
LR L sl el P - LR e e LR ) '
CN ) ###*#&*&&}.&k#kkkk-@ ! i g ey dr de e b de kA N N Y .
L N I A o g el [ AN, W e i dp A e e de bk kA Wi e e e d iy iy 1
P N N Al i ag™ ( ; W W i ey i dp e de e Mk W ar iy h de iy i .
7- o N L e S g [ y W W dr iy de by e e de bk kA L S I o L 3
o o o o & o dr & dr dr 4 dr dr o dr b e A A e A X ar o o o o o dr b bodr b o A b S b b A .I"l.l.l.l.b.b.lb.l.l.l.i
e  aE a a aar al araalararal olt W i e dr e de b Mk A N el
N A O  a S S A t tg ; L N N S L e M AL N E RN AL M AL 2
I e W W i iy dp ey e e e A bk A o L e o L a3
Wt i i ey e e dp e dp r dp dp de dp de e g ( W W p i dr i dr d de e e de kM . L A
W W i e ety e de e dr ey g e e e e ek e de i W Rk oy g de b de b kA Mk R L L e 2
. G L et a2 2 M N A A N N e A i .__..4.___.__..___.4....44....................................&....r....r.r.r.r...r.__.._.._.._H.__“.._ * LT .___n-.“_-.n LA A NN AL Bl )
PO M AL M AL NN AL NN N NN N R N N SR AL PG AL N NN N e R I ...._."- L O A AL 3 ..
M e N N N N W > P M N A A R R I T N M LT Sl Ak, -.Hh
1 Wt iy i e i iy g ey dp e dp e e de iy dr W R W i iy dr e de ke e Ak .
W i Wi e dp e drdp dp e e e e » r w T i e dr dp  dpde e b Mk Ak a aa ¥
L B N N e % W Wy i e gk e de ke kA Ak ka
W W i iy e ey ey dr A e dp e - W it W iy il e dr e e ke ek Ak aaam .
L o e A el ™ P W e dr i dr b de e ke b kb M a Am
L T S o e S e e Y [} x W Wl de iy dede e e de b kA Mk a
N N M e W N M O N N AR NN
W U e r e e dr e de p dr dp v dp e e e e ....r*.n W i r dr pdp dp e de e b Ak a s aaomoaw
o N R N I T N N e Y Rl bk de Wyl e g kb b de b kA Ak k a a o ma
L e i aE a aE aE  WEa O ) Y e A N N A N N R R N R R L
N N L P F ke d k h kA N A Wiy iy ke g b de h kM Mk s moaa
Wt W M i iy dp g e e e e e e b e e e b 4 4 B M M N a W up e e Ok d ke ke e b kb b m b omoaomomow
W N e e o N A N NN . N NN
[ ] B R T T e et R S e e
R I I A g iy N e e e R '
.y Y Jdr i Jp i de Jp e dp Je dr dr Jr dr dr Jr Jr e Je e Je b Jr & U b Jr b b h b bk & & o
: T e S S S o e T S e e e e S Sl S S A A A S S A e S S A Y o '
Jrdr drdr dr dr dr dr i dr dr dr dr e e b de de dr dr dr dr e do de de de dr Jr b i Jr B B A A Mk o
1 dp dp g dp b dp dedp de dr dr drdr Jr Or Jr b Jdr & e b 0 b & b b & b & b b b b b ma & a2 b = '
W ! d [ e A e e e S S e e S S S S S e S e e S S S A N N N NN NN T
p . a, . F o, e e e e e e e e e e e e e e e e e R
»aE ol e R e e e e e e i e e e Y '
. . . . - X Fl iy dr dr i dr drdr dpdr dp e b dp dp de dr dr e e de de de dr Jr b Jdr M o B de A dr b dr b M M B A A& T
[N kA E [ ] b |, Jr o br b o Jr b W b kA ok o A .T.'.T .'.'.T.'.T.'.T.'.T.'.r.'.'.'.r.'.r.'.'.'.r-'.r.'.'.'.r.'.r.r.'.'.r.'.r.'.r.r.r.'.r.r.'.r.r.'.r.r.'.rl.' ' . ' . -_ . '
J_IH.H l..-. ...IH.E i .rk##k###k###t###.r#.rk.r#.r#.r.r.;..r.r....r.._.r.._.r.__.._.._.._.._.._.._.._.__.__.._.._.._.._i.._i.__ '
. . ol ) S w a ) R - Jrd Jrdp i J dr dp de dp Jp o dp de Jr O Jr Jr dr Je e e 0 b Jr b b & b & 0 b e b b & & & M o
) ur iy ue W [ L)  dr W ............r....r....r.r.r.r.r.r.r.r.r.r.r.r.__.r.._.__.._.__.__.._.__.._.._.__.__.._.__.__.._.__n.._l.v_ o '
[ « i i o [ Al ] ddr dr dr dr dr d dr dr b dp de Jp dr dr e e de de de de Jr Jr Jdr Jr do de A de B b i b b b & A a A o
i Jp ip dp W i o Y drdr dr dp g dp B dr dr e de e de Jr b Jr b Jr & b b b b b b b b & & & & > '
S . & dr dp dr e o o BEdE i & dp dp A odr b o drod b b b b b b o dr b e b b de b b e b b bk bk bk bk bk LI I |
- ur ap dp e i i i ar dr dr dr o N N N N N N N ] o '
v v Wy i iy Ll i i dr i dr dr dr dr dr dr dp dr dp dr de Jp de e de e g b de b ke deode b e de kA kK v
ar ar Cap dp e b b ar i P o e o o e e S e e e S S S S e S i A A e S S S e A Y '
W e Wt i o iy iy iy e i dp iy A ey iy dr i dp dp A dp o dp e dp dr e e de e e de ke e A de b ek de k d k T
p iy iy e e e e e e dp dp dp e dp dp e dp e e dp dp dp dp dp dp dp de de dr dp dr dr dr Jr dr dr dr dr Je Jr Je o b Or b b b b b b & k& oo '
W u W by e ey vy e ey iy ey e ey dr de e e dr dr dp d d dr dp dr e e dp de de e e de b e de e e b de de e kA
L S o o O o o i e o i i i !
WUy it i iy W dp e i p e e i p e dr e i dp dr dp e dpdr dp e dp e dp g e de e de e g d o de b ke ke A U AU vt
ur tp dr i iy iy e ety dp e e dp dp dp e e dp drde dp dp A e e dp e e de g e e de de e e de bk de kb kA Ak gk e .
A A A A A B B A N S S
iy iy iy iy e i e e dp e ey ey T e e Yy e e e e e de e de de ke b Ak de kM Ak » !
. h \ W e W e o dp iy iy iy e i e i iy iy dr ey dp e dp dr drdp dp dr e dp dp e e de b e b de e e de ke e e X T
dp i i e e e ey ip A e 0 e dp dp dpdr dr e A e dp dp p dp e e e dp de dr e e b de dr dr dr Jdr Jr M be b A M b b & K UF A & o '
. . WU i p i r ey i r e e i i e p drdp e dp e dr dp e dp r dp dr dr dp de dp de e e e de b e de b de e de M de 4 & v
L T I I O T e S o S Sy e e e e e e R A R A .
. . W i Wi o iy iy iy e iy iy iy dr ey iy dp dr dpdp dp e dp e dp g e de de e e de e e e de b e de de ke T
iy ey iy e e e e e e dp e dp dp dp dp dp e e e dp dp dp dp dp dp dp de de dr dp dr Qe dr dr dr dr dr Jdr Je e Jr 0 b Or b b & b b bk k& M oo '
W a W b ey e ey iyl i e e iy e ey dp dr e e e dr e e dr dr dr dp de e de de e e de ke e A de de e b de b kA
L o i e o e e g i g g A i !
. . . . . WUy Wt W p i p ey i p e i p e g e dr e ey dp dr dp e dp e dp g de e e e de b e de b ke de e ok vt
o I T e e o e e o S S o S S S e S A S S e e S S A A S S Y Vo '
ur ur iy i w g i x d dr dr drdr o dr d dp de Jr dr dr e e b de de dr dr dr Jdr 0 e de A A & o
™ iy i ap ™ x S de Jpdedrdrdrde Jrdr Je b e b Jr b M b & b b b b b k& & '
. . ur dp mm#umk ur b gk dp de b dp b e de dr b do b b b e b b M J Mk Mk T
[ i i X o a A Srdrdr S dr drdr Br dr O Jr dr 4 Or b b b b 4 & b b & & & oo '
i i ™ i i X X J o dr b dr dr de dr be Je Jr Jr Jr U Jr Jr O O & O & ’ o
ur i x 'y WON W) P b b 4 Jr kb h k k kb kA kA ! o
i i a4 od A Jrodr dr O Jr Jr b Jr & U b U 4 O & Jr o
#m## i i ki i s i dr o dr dr dr dp de de dr dr _ G I RN y R
. AN AL MM N A3 ML NN e e e e b PR RN .
r W dp i p iy dr i dp e dr i e e tr e dr iy e dr dr dpdr dp dr dr i dp e dp b U de e de de de dr vt
o O I T T S g R S S S S S S S S S A i i Vo '
iy i iy iy i e i ey iy iy dp dr e A dr dp dr ey dp dp o dp de e e A e e dr g dr d de de e e T
iy i p i dp i dp e i dp e dr e dp r dp ey e p ey e e e e de e e e ke b kA kM kA !
dr ot iy p e i e e e ey el ey de i e dr e e dr g e e dp dp e dp g e e de de e e A de de bk de b A A e
r i i e e e dp e dr A dp e e dr A e e e r e e de dr dr e e b b dr dr dr i dr M M kA A Mk o '
iy Vi p iy e i e i i i iy e ey e dr e p dp dp dr e dp dr dp dp de dp de e e e de b e de e b e de e de dr k v
r ip g e e e dp iy dp gl dp e dp e dp e dp g dp e i e ke i b b de dr b dede b b e b dr k J 4 bk kM ek u '
A A N N e N N N N N N N I T ]
p iy oy e e ey e Jdp dp dp dp dp dp dp dp dp dp dr dp Jdp dp dp dr dr B dp dr dede dr de dr dr dr Jr O Jr Jr & O bk b b b & & 4 & h kN oo '
.__........._......_............................._............................................k#kk*tkttttttttttktunﬁvtu._......_ T
p iy iy i oy e dp e dp e dp o dp e dp dp dp dp dp dp dp dp de dp de dp de dr de de dr de dr dr o dr Jr b dr & 4 b M b & & & & P '
r i VO r Ve e Vi i e e e i i iy ey e dr e dp dr dr e dr e g dr e de b ke e de b e de b ke AU P T
r g g e e e dp e dp e g e dp dp dp dp e de g dp e e ek ke b b de dr b i b b b e e b dr 4 M B K NN RN o '
Wy i iy iy i i i i iy iy ey dp drdr dp A e dp dp ey dp dp o dp de e e de e e dr de e e de de M d B e e b de b bk v
r oy oy e e ey ey e dp e dp e dp e Jdp dp dp dp dp dp dr dp B dp de dr dr de dr drdr Jrdr Jr M Jdr & Jr b e b O b b & b & b b b b b & & a '
ar o e e dp oy iy iy il e e e dp e dp ip B e dr b d b dr g dp de b b b b b b de de O b b de b b de b dr b d kb b b B bk h k k h h oa k ks k kom ks koaa T
r i i e e e dp e dr A A e drdr A e e e e e de dr dr e e b b b dr dr i dr 2 a g e YRR o '
iy i p iy dr i p e i i ey e ey e dr ey dp dp dr dr dr dp dr g de b de e ke e g de U e ( NN REN] v
o o O N T e v o e e o o e e R S S S S S A S e S A St 1Y i i ey '
r ot i Oy iy i e i ey ey dp iy iy A e dp dp ey dp dp e dp dp e e de ke e de g dr e e ol U RN T
p oy e e e e Jdp ey dp dp dp dp dp dp dp dp dp e dp Jdp dp dp de dr dr dp de dede dr de dr dr O Jr B Jr b & Or & Jr 'Y 2k h kA » oo '
L T o A I g e e gy g e e g g g e e S S R el S NN
A e N N M e N N " n e e !
r i O r iy e iy i e e i i e iy ey e dr Y p dr dp dp drdr dp e g e e de ke b U de e ke QR A e T
r g g e e e dp e dp e g e e dp dp dp e de g dp e e ey ke b b de dr i i b b b e e b O » e o '
L A A e N N N N N N Py "
L e e i At » !
W i it i iy iy e i ey iy iy i ey e e r dp drdr dr dp dr e de e b de de e e de de b dr de bk T
dr i i e e e dp dp dp e e 0 dp dp dp dr dr e de A dp dp e e e e de de dr dr e b de de Jr Jr b dr b M B A A& o '
W r oy iy iy i iy iy iy p i i dp e dr dp A dp e dp r dpdr dp dr dr e dp e g g e e e de b U de ke b Uk ' '
dr iy e e ey dp e ety dr i dr e A e dr dr ey dp e e e e e e e e e dede bk de b e A A bk .
W i it i iy iy i iy iyl iy hp i iy e ey dp ol dp drdp dp de ey dr de e e de de b e de ek '
iy i i i dp i dp e ap e e e p e e e e e e e e e e e de e de d b bk ! !
L N e sl al i o Lt x i e
argle iy ar ¥ P Py !
ar ol i ol W N P .r R .
'
A N Moy i 2 e B ol ol
- o I L L, > i) s o ar s ' ' - .
P e - e i i i i e -
i O m
i i i
i ir e .. M
iy i .
iy
iy e
iy e H il
i i
i ir e
Cal
ur ir iy
i iy e
i i . .
ar i .
.....r.._..._......_... .
iy .
.
o .
w i .
L .
: L

/
s

{SLo4Isdue 7 01 T°T) sWwios1ssue 7 O}

dn siauwip uadoipAy Jo swiole usBoupAy UesmiIRg ‘e IJUBISIP

Patent Application Publication

sunaels



US 2023/0301203 Al

Sep. 21, 2023 Sheet 10 of 10

Patent Application Publication

R g A g U S U U U S U U S U S S S N S S U N U

..xA NQHUYNIEWQD MEN DNILOTTTES
f

-

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

\im RLIAL ONONODNTINS SNINNSY I

> .wm _.% .............................. :

\m FHNSSI el ONCOFS OMNA Teicl o

L6 1

_\.,m DMLY M
5

......

*.r...r...r...r...r...r...r...r...r...r...r...r...r...r...r...r...r...r...r...r...r...r...r...r...r...r...r...r...r...r...r.‘r...r...r-..r...r...r-..r...r!!!!!!!!!!!!!‘r!!‘r!!‘r!!‘r.

o LA TAH DNITYOT

R F R F R F §F F N F R F §F F N _F R _F N F_ N _F R _F_ § _F_NE_F_ I _F_§F F N _F_E_F_ § F_ N _F_ E_F §_ F_N_F_ L _F_ § F_ N _F T _F_§ F_§N_ F ¥ ¥ ¥ F

mbdmﬁ.._,_,mc%ﬁu
/ A0 N YNIFNOD SNIGVOT

... w.Emyﬁ.&Eau 1
SO 2O CML DNINIENOD




US 2023/0301203 Al

SUPERCONDUCTING HYDRIDE
MATERIALS AND METHODS OF MAKING
AND IDENTIFYING SAME

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of U.S. Provi-
sional Application Nos. 63/054,105 and 63/054,111, filed on

Jul. 20, 2020. To the extent permitted 1n applicable juris-
dictions, the entire contents of these applications are incor-
porated herein by reference, as are all publications cited
below.

BACKGROUND OF THE INVENTION

[0002] The present disclosure relates to superconducting
compositions of matter and methods of making the same.
[0003] Superconductivity has been known for over 100
years. However, materials developed to date do not exhibit
superconductivity at ambient conditions that are sutliciently
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 OF THE INVENTION

[0004] The search, synthesis, and structural and physical
characterization of novel materials with high superconduct-
ing transition temperature needed for observation of room
temperature superconductivity (RTSC), and an understand-
ing of how to access metastable pathways to their recovery
to ambient conditions, 1s critical for the advancement of
material science and energy transmission technology. Limi-
tations with the energy storage produced from renewable
energy technologies can be overcome with superconductors
providing an extremely efficient means of storing and recov-
ering energy on demand, as well as a method for transferring
energy over long distances. A robust superconductor, suit-
able for the construction of Josephson junction quantum
logic gates that can operate at higher temperatures has the
potential to provide a revolutionary new switching mecha-
nism for computing.

[0005] Higher temperature conventional superconductiv-
ity 1n hydrogen-rich materials has been reported in several
systems under high pressure. See, Drozdov, A. P., Eremets,
M. 1., Troyan, 1. A., Ksenofontov, V. & Shylin, S. I. Con-
ventional superconductivity at 203 kelvin at high pressures
in the sulfur hydnde system, Nature 525, 73-76 (2013);
Drozdov, A. P. et al. Superconductivity at 250 K in lantha-
num hydride under high pressures, Nature 569, 528-531
(2019); and Somayazulu, M. et al. Evidence for Supercon-
ductivity above 260 K in Lanthanum Superhydride at Mega-
bar Pressures, Phys. Rev. Lett. 122, 27001 (2019). However,
these materials previously identified and made do not exhibit
superconductivity at a combination of pressures and tem-
peratures needed for most commercial applications. The
present disclosure addresses this need.

[0006] Inone aspect, embodiments disclosed include com-
positions of matter exhibiting superconductivity. Specifi-
cally, various hydrides exhibiting superconductivity at more
favorable pressures and temperatures are disclosed.

[0007] In another aspect, methods of making these mate-
rials are disclosed. In a further aspect, embodiments of the
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present disclosure include methods for identifying materials
that exhibit superconductivity at more favorable pressures
and temperatures. Particular disclosed embodiments provide
techniques for chemical tuning within ternary and quater-
nary hydrogen-rich systems to identily materials that are
superconductive under such conditions.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] Referring now to the drawings 1n which like ret-
erence numbers represent corresponding parts throughout:
[0009] FIG. 1: Flowchart illustrating a method of making
a superconductor.

[0010] FIGS. 2A and 2B: Schematic of an apparatus for
making a superconductor.

[0011] FIG. 3: Superconductivity n C—S—H at high
pressures. a, Temperature-dependent electrical resistance of
the C—S—H system at high pressures, showing the super-
conducting transitions as high as 287 K at 267+/-10 GPa.
The data were obtained during the warming cycle to mini-
mize the electronic and cooling noise. Note that the left
Y-axis and right Y-axis represent results from two diflerent
experimental runs. Inset: Microphotograph, illustrating the
superconducting C—S—H sample with electrical leads 1n a
four-probe configuration for resistance measurements. b,
The pressure dependence of the T_ as determined by sharp
drop 1n electrical resistance and ac susceptibility measure-
ments from FIGS. 3a and 4a. In the legend “p” and “¢” are
values from resistivity and ac susceptibility measurements,
respectively. The T increases with pressure from ~140 GPa,
plateaus around 220 GPa, and then sharply increases after-
wards showing a discontinuity around 225 GPa. The highest
T . observed was 287 K at 267 GPa. The low temperature
pseudo-four resistance at 271 GPa (the highest pressure
measured), shows a superconducting transition at ~280 K.
The solid lines are to guide the eye, and the colors represent
different experiments. The red and black arrows represent
the room temperature and freezing point ol the water,
respectively.

[0012] FIG. 4: Magnetic susceptibility and superconduct-
ing transition under an external magnetic field. a, Real part
of the ac susceptibility 1n nV versus temperature for the
C—S—H system at select pressures from run 2 showing
significant diamagnetic shielding of the superconducting
transition for pressures between 160-190 GPa. The super-
conducting transition shiits rapidly under pressure to higher
temperatures. T 1s determined from the temperature at the
transition midpoint. The background signal determined from
a non-superconducting C—S—H sample at 108 GPa has
been subtracted from the data. b, Low-temperature electrical
resistance behavior under magnetic field of at H=0'T, 1 T, 3
T, 6 T and 9 T (increasing from right to left) at 267 GPa.
Inset: Upper critical field versus temperature for 220 GPa
and 267 GPa, fit to the Ginzburg-Landau (GL) and conven-
tional Werthamer, Helfand, and Hohenberg (WHH) models.
At 220 GPa, the maximum field studied was 7 T.

[0013] FIG. 5: Pressure-induced Raman changes of the
photochemical product of C+S+H, mixtures. a, Pressure-
induced Raman changes of the photochemical product of
C+S+H, mixture, showing the sulfur, carbon and fluid
hydrogen (black) betfore the photochemical process at 4 GPa
and spectral evidence of a photochemically transformed
H,S+CH_+H, crystal at 4 GPa (blue). Note that no sulfur or
carbon Raman modes are present in the sample after the
photochemical process, indicating a synthesis of a new
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molecular compound. Inset: Microphotograph of a synthe-
sized transparent crystal at 4 GPa. At ~15 GPa (red), the
solid undergoes a phase transition remarked by the appear-
ance of new lattice modes, splitting of the H,S modes, and
turther splitting of the H, vibron. Several new lattice modes
appear above 37 GPa (purple), suggesting another phase
transition. All the modes disappear above 60 GPa due to the
photoproduct undergoing an insulator to metal transition. b,
Pressure vs Raman frequencies up to 60 GPa, showing the
spectral changes associated with the photochemistry of the
C+S+H, mixture at 4 GPa, the phase transition of photo-
product at 15 GPa, and additional transitions at 37 GPa. The
symbols correspond to the experimental data points,
whereas the line represents the polynomial fits.

[0014] FIG. 6: Example structure of the superconductor
characterized by the results 1n FIGS. 3-5 and measured at an
ambient or environmental pressure of 270 gigapascals.
[0015] FIG. 7: Example structure (at 4 gigapascals ambi-
ent or environmental pressure) comprising three molecular
systems 1n a Van der Waals solid prior to compression to
form the structure of FIG. 6.

[0016] FIG. 8. Schematic showing formation of a super-
conductor structure including channels or a network 1nclud-
ing hydrogen.

[0017] FIG. 9: Flowchart illustrating compositional tun-
ng.

DETAILED DESCRIPTION OF EMBODIMENTS
OF THE INVENTION

[0018] In the following description of embodiments of the
invention, reference 1s made to the accompanying drawings
which form a part hereof, and in which 1s shown by way of
illustration a specific embodiment in which the mvention
may be practiced. It 1s to be understood that other embodi-
ments may be utilized and structural changes may be made
without departing from the scope of the present invention.

[0019] The present disclosure reports on methods and
devices for making hydride superconductors having novel
structures, compositions, and chemical environments for
hydrogen. As illustrated herein, the structures, compositions,
and chemical environments are tuned or tailored to achieve
superconductivity at commercially relevant pressures and
temperatures. FIGS. 1-9 illustrate various examples of a
composition of matter, comprising a solid hydride exhibiting
superconductivity at a temperature of at least 150 kelvin at
an ambient pressure below 180 gigapascals, or at the tem-
perature of at least 261 kelvin. In one or more further
examples, the solid hydride exhibits the superconductivity at
the temperature of at least 160 kelvin, at least 170 kelvin, at
least 180 kelvin, at least 200 kelvin, at least 277 kelvin,
and/or at least 280 K. In some examples, the composition of
matter 1s a superconductor at the temperature 1n a range of

160 kelvin to 500 kelvin.

Example 1: Manufacturing Process

[0020] FIG. 1 1s a flowchart illustrating a method of
making superconductor according to one or more examples.

[0021] Block 100 represents selecting two or more difler-
ent materials each including one or more constituent ele-
ments. Example constituent elements include, but are not
limited to, sulfur (S), lithtum (1), boron (B), beryllium (Be),
magnesium (Mg), manganese (Mn), 1ron (Fe), scandium
(Sc), nitrogen (N), selenium (Se), phosphorus (P), yttrium
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(Y), carbon (C), or lanthanum (LLa) from the periodic table
of the elements. Materials may be selected for their prop-
erties as stabilizing agents, pressurizing agents, or chemical
dopants as described herein.

[0022] Block 102 represents optionally preparing the two
more different materials. In one or more examples, the step
includes mixing the different maternials 1n powder form and
milling the powder to produce the powder including par-
ticles having a diameter less than 10 micrometers.

[0023] Block 104 represents providing conditions that
initiate a reaction between two or more different materials
(each having one or more constituent elements) and hydro-
gen so as to form a plurality of molecules each comprising
a hydrogen moiety and at least one of the constituent
clements from a different one of the materials. In an example
with two different molecules, the plurality of molecules
comprise a first molecule having a first composition and a
second molecule comprising a second composition. In one
or more examples, the first molecule comprises a sulfur
hydride (e.g., H,S) and the second molecule comprises a
carbon hydride (e.g., methane).

[0024] The hydrogen can be provided in various forms or
in various hydrogen precursors. Example hydrogen precur-
sors include, but are not limited to, atomic hydrogen,
molecular hydrogen, a hydrogen polymer, or a multi-valent
hydride. More specific of hydrogen precursors include, but
are not limited to, methane, HS, Silane, LiH, or any hydro-
gen precursor (e.g., gaseous hydrogen precursor) used 1n
molecular beam epitaxy or chemical vapor deposition.

[0025] In one or more examples, the conditions that ini-
tiate the reaction include applying pressure and irradiating
with electromagnetic radiation having an intensity greater
than 10 milliwatts for at least 2 hours. In one or more further
examples, the tensity i1s less than 10 milliwatts and the
duration of 1rradiation 1s extended. Example pressure
includes, but 1t not limited to, a pressure in a range of 3-5
gigapascals and/or a pressure that does not solidily the
hydrogen.

[0026] In yet further examples, the condition (e.g., the
irradiating and the pressure) enables molecular exchange
between the plurality of molecules and increases a coordi-
nation number of one or more of the constituent elements of
the molecules to at least 6. In one or more examples, the
different molecules are disposed at different positions 1n a
lattice and the molecular exchange comprises exchange,
substitution, or swapping of the different molecules between
sites 1n the lattice (1.e., the first molecule switching position
with the second molecule 1n the lattice). In one or more
examples, the molecular exchange comprises the protons
from the first molecule (or atoms in the first molecule)
exchanging with the protons in the second molecule (or
atoms 1n the second molecule). In one or more examples,
proton exchange can be measured using femtosecond spec-
troscopy techniques.

[0027] In one or more examples, the conditions (e.g., the
irradiating and the pressurizing) form the plurality of mol-
ecules mnto a Van der Waals solid so that the plurality of
molecules interact via Van der Waals forces.

[0028] In one or more further examples, at least one of the
materials comprises a precursor compound 1ncluding a plu-
rality of the constituent elements (e.g., sulfur) and the
irradiating causes photoscission of precursor compound into
its constituent elements so as to allow formation of a bond
between at least one of the constituent elements and the
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hydrogen moiety. In this case, the electromagnetic radiation
has an 1ntensity and wavelength tuned for the photoscission
breaking chemical bonds between the constituent elements
(e.g., sulfur) 1n the precursor compound.

[0029] Block 106 represents providing conditions that
tune an intra-atomic and intermolecular distance of the
plurality of molecules so as to form a solid compound
comprising the superconductor including the constituent
clements and the hydrogen. Intra-atomic and intermolecular
distance tuning may also be achieved by proper selection of
pressurizing agents, stabilizing agents, or chemical doping/
dopants 1n Block 100.

[0030] Inoneor more examples, the step comprises apply-
ing a pressure i a range of 3-300 gigapascals to convert the
Van der Waals solid mto a solid compound (e.g. covalent
solid compound).

[0031] Block 108 represents the end result, a supercon-
ductor manufactured according to the method of FIG. 1.
Example superconducting compositions of matter include,
but are not limited to, structures described 1n examples 3-8
discussed below or combinations of the structures described
in examples 3-8 and 10 below.

[0032] In one or more examples, the superconductor com-
prises a solid hydrnide including a first component A com-
prising a hydrogen-containing component including the
hydrogen; a second component B and a third component C;
and the solid hydrnide has the formula A_B,C _H_; wherein C

i1s H 1n a ternary compound and C 1s different from H in 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
to 20%).

Example 2: Apparatus

[0033] FIGS. 2A and 2B illustrate an example apparatus
200 for manufacturing a superconductor according to
examples described herein.

[0034] The apparatus includes a pressure device 202 for
applying pressure up to at least 300 gigapascals; and a laser
204 coupled to the pressure device. The laser outputs
clectromagnetic radiation 206 having a wavelength and
intensity configurable to provide conditions, 1n combination
with the pressure applied using the pressure cell, that initiate
the reaction between the starting materials (e.g., the different
materials comprising the constituent elements) and the

hydrogen 208 as described in Block 104, FIG. 1).

[0035] In the example shown, the pressure device com-
prises an anvil cell comprising diamond anvils 208 and a
gasket 210 at a junction between the anvils 208. The gasket
includes a sample holding region (e.g., sample holder 212 or
container) for holding and containing the starting matenals
and the sample. In various examples, the sample holding
region comprises an insulative layer 214 (e.g., alumina
coating) on the gasket. A plurality of electrodes 216 are also
provided on or above the gasket (but electrically isolated
from the gasket through the alumina coating or insulative
layer) to apply voltages to, and measure various electrical
properties of, the sample at various stages of the manufac-
turing process. The apparatus further includes a conduit for
conveying the hydrogen/hydrogen precursor 218 to the
sample holding region.
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Example 3: Experimental Results for a
Superconductor Comprising Carbon, Sulfur, and
Hydrogen

[0036] A superconductor manufactured using the follow-
ing process has been characterized.

[0037] A. Manufacturing Process

[0038] The starting compound was synthesized by com-
bining elemental carbon and sulfur with a mole ratio of 1:1.
The mixture was ball-milled to a particle size less than 5 um
and then loaded into a diamond anvil cell (DAC), after
which molecular hydrogen was gas loaded at 3 kbar to serve
as both reactant and pressure transmitting medium (PTM).
Raman scattering was used to confirm the presence of the
starting materials 1 the DAC, and the sample was com-
pressed to 3.9 GPa and exposed to 532 nm laser light for
several hours at a power of 10-25 mW. 1rradiating o.-S; with
these wavelengths of tight at these pressures 1s known to
drive a photoscission of S—S bonds which produces S free
radicals that either self-react to form different chain struc-
tures, or in this case react with H, to form H,S. Slight
adjustments were made in the pressure and laser position
until the rapid formation of a uniform and transparent crystal
that does not display Raman features from either elemental
sulfur or sp~ carbon. The molecular H, Q,(J) vibron of the
excess PIM was observed throughout, unperturbed and
present up to the highest pressures.

[0039] The following various allotropes and phases of
carbon should be noted for reference: Diamond (including
natural and synthetic, covering la, 15, 2a, 2b, 2ac, 2as;
cubic; hexagonal; lonsdaleite), graphite (including natural
and synthetic; amorphous, flake, and crystalline vein graph-
ite; graphyne and graphdiyne), fullerene (including C60,
C’70, and fullerenols; empty or filled with fullerenes (“pea-
pods™)), carbon nanotubes (1including armchair carbon nano-
tubes, zigzag carbon nanotubes, and chiral carbon nano-
tubes; single-walled carbon nanotubes (“SWCNTs”); multi-
walled carbon nanotubes (“MWCNTs”); nanochorns [8],
spherical multi-layer carbon particles (*carbon onions™);
carbyne), glassy carbon (including various amounts of sp2
to sp3 hybridization; type II glass carbon GL-200 heated;
fullerene-related structure of commercial glassy carbons),
amorphous carbon (including various amounts of sp2 to sp3
hybridization), M carbon, and W carbon.

[0040] B. Characterization
[0041] Superconductivity Measurements
[0042] The most striking result of the present study 1s the

superconducting transition, in which the photochemically
synthesized C—S—H system becomes superconducting
with highest critical temperature (T ) of 287 K at 267+/-10
(GPa. The transition 1s evidenced by a sharp drop 1n resis-
tance towards zero within a less than 1 K temperature
change (FIG. 3a). The low-temperature resistance data were
obtained during the natural warming cycle (~0.25 K/min)
with a current of 10 microAmps to 1 mA. In all experiments
the reported pressure was measured from the diamond edge
using the Akahama 2006 scale. The accuracy of the tem-
perature probe 1s +/-0.1 K, and the transition temperature
was determined from the onset of superconductivity. The
transition temperature increases with pressure from 147 K at
138+/-"7 GPa until 1t plateaus at about 220 GPa, indicating
a dome shape (see FIG. 3b). Remarkably, a sharp increase 1n
T .15 observed above 220 GPa with a rate of around 2 K/GPa
(FI1G. 3b). The highest pressure studied was 271 GPa, there
the material exhibits a T . of ~280 K. Additionally, no change
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1n the shape of the superconducting transition 1s observed 1f
the current 1s reduced to 0.1 mA, hence indicating bulk,
rather than filamentary, superconductivity. These results
were confirmed by a large number of experiments with over
three dozen samples. Note that the resistance of the sample
decreases with increasing pressure, showing that it becomes
a better metal at higher pressures.

[0043] A supernor test for superconductivity 1s the search
for a strong diamagnefic transition 1n the ac magnetic
susceptibility. In FIG. 4a, the real part of the temperature-
dependent ac magnetic susceptibility ¥'(T) of the sample 1s
shown for one of the experimental runs. The onset of
superconductivity 1s signaled by a large (10-15 nV), sharp
drop 1n susceptibility indicating a diamagnetic transition,
which shifts to higher temperatures with increasing pressure.
The highest transition temperature measured 1n this way 1s
at 198 K (transition midpoint) reached at the highest pres-
sure measured (189 GPa). The quality of the data 1s high
given the small sample size (~80 mm 1n diameter and 5 to
10 mm 1n thickness). However, at extremely high pressures
(>200 GPa), measuring magnetic susceptibility becomes
increasingly difficult and impossible with sample diameters
less than about 70 um. Our typical samples are about 25-33
um 1n diameter above 200 GPa.

[0044] To further confirm the superconducting transition
at higher pressure we exploit the inherent hostility of an
external magnetic field on superconductivity. The upper
critical field, H_, 1s the maximum external magnetic field
that superconductivity can survive. This value 1s controlled
by both the paramagnetic effect of electron spin polarization
due to the Zeeman effect and the diamagnetic effect of
orbital motion of the Cooper pairs due to the Lorentz force.
Under an applied magnetic field, these effects combine to
reduce the K. In the present study, the superconducting
transition 1s suppressed by 22 K at 267 GPa mm a 9 T
magnetic field as 1s shown in FIG. 45, confirming the
superconducting transition. The transifion was first mea-
sured at 210 GPa and followed by a second measurement at
267 GPa. The temperature dependence of the upper critical
field, H _(T), can be expressed using the Ginzburg-Landau
(GL) or conventional Werthamer, Helfand, and Hohenberg
(WHH) model. Evaluating these relations at the limit of T=0
K at 267 GPa yields H_,(0)=61.88 T with a coherence length
of 2.31 nm for GL model. From the WHH model, in the dirty
limit H_,(0) can be extrapolated from the slope of the H-T
curve as H ,(0)=0.693IdH _,/dT|,_ T, and this yields H_,
(0)=85.34 T (FIG. 4b, 1nset) with a coherence length of 1.96
nm. At 210 GPa, H_,(0) and the coherence length at T=0 are
4774 T and 2.63 nm and 66.18 T and 2.23 nm for the GL
and WHH models, respectively. The penetration depth can
be 1dentified as,

bo
242 TH(0)E(0)

A0) =

with H_(0)=61.8 T, £(0)=2.3 nm A(0)=3.8 nm. For type II
superconductors, the GL parameter 1s defined by

D
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where A(T) is the penetration depth and &(T) is the coher-
ence length. The calculated GL parameter 1s 1.1 for our
experiments, which enables us to i1dentify the C—S—H
system as a Type II superconductor. The superconducting
transition width 1s defined as DT _=Tgqq,—T g4, Where Tggq,
and T,,, are the temperatures corresponding to 90% and
10% of the resistance at 290 K. The DT, at several magnetic
fields remains essentially constant emblematic of a homog-
enous sample. Above the superconducting transition tem-
perature, R(T) shows supralinear behavior described by
R(T)=R+AT?, with pre-factor A=2.53 10~ uQmK~, which
described by the 1nelastic electron-electron scattering within
the Ferna hqud (FL) model (See FIG. 4b). At higher
temperatures, one would typically anticipate an R(T)o<T
dependence according to the Bloch-Gruneisen law for a
free-electron metal at temperatures well above the Debye
temperature. The unusual behavior indicates that T~ term in
R(T) 1s likely due to coupling to high-energy phonon modes
as observed in H,S’.

[0045] (11) Structural Characterization

[0046] Both H,S and CH, are known to form stable
guest-host structures with H, under modest high pressures.
See, Strobel, T. A., Ganesh, P., Somayazulu, M., Kent, P. R.
C. & Hemley, R. J. Novel cooperative interactions and
structural ordering 1 H2S—H2, Phys. Rev. Lerr. (2011)
do1:10.1103/PhysRevLett.107.255503. The binary phase
diagram for CH,+H, states that a mixed fluid phase should
form at our experimental photochemical synthesis condi-
tions, 1d, however the observed Raman modes associated
with C—H stretches do not evolve as for the free molecule
and the splitting of the v, and v, modes at 3.9 GPa clearly
indicate CH, 1s 1n a solid phase. We do not observe the shift
to higher frequency of the molecular H, Q,(J) vibron asso-
ciated with the formation of (CH,),H, or (CH,)H,, (see, 1d,
and also see, Somayazulu, M. S., Finger, L. W., Hemley, R.
J. & Mao, H. K. High-Pressure Compounds 1n Methane-
Hydrogen Mixtures. Science (80-.). 271, 1400-1402 (1996));
implying that the CH, 1s mixed in with the E125+H,
guest-host structure that 1s known to form under these
conditions. Thus, the most likely compound form at 3.9 GPa
1s a mixed alloy of E125 and CH,, in the host framework with
stoichiometry, (H,S), (CH,) H,. Ideally the stoichiometry
1s (H,S)(CH,)H, based on the composition of the starting
materials. Molecular H,S and CH, have similar Kinetic
diameters, they both form plastic fcc phases with nearly
identical lattice constants at 300 K and 4 GPa as pure solids,
and their guest-host framework with H, are of similar
dimensionality. These properties support the alloyed mixed
van der Waals solid hypothesis, and our preliminary simu-
lations 1ndicate both the independent X ,H, and mixed XYH,
guest-host compounds are stable (neglecting vibrational free
energy contributions) with respect to atomization and the
molecular references.

[0047] The Raman spectra of the transparent photoproduct
formed at 3.9 GPa (FIG. 5) can be attributed to an H—S—H
bending mode (v,), S—H stretching mode (v,), H—-C—H
bending mode (v,), C—H stretching modes (v,+v;), and the
splitting of the H, vibron; all of which together signify a
H,-S+CH,+H, van der Waals solid as described above.
Compression above 10 GPa leads to the emergence of low
frequency lattice modes i1n the Raman spectra that are
indicative of increased periodicity in the sample. The I to 11
phase boundary at 15 GPa shows a similar progression as the
guest-host structure as reported by Strobel et al. (cited
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above) including the emergence of the low frequency lattice
modes, the splitting of the H—S—H bending and S—H
stretching modes, as well as a further splitting of the Q,(J)
vibron of the guest H,. Thus, the phase transition can be
described as a disorder-order-transition akin to what 1s seen
in (H,S),H, where the H, S molecular units align. In addition
to the changes in the H,S related modes, the splitting
between the CH, modes increases, corroborating an ordering,
of an alloyed host framework. Regime III of the Raman
spectra begins at 37 GPa, and it reveals the emergence of
new lattice modes, further splitting of the H, vibron, and the
eventual disappearance of most Raman features. From this
data, 1t can be concluded that another phase change 1is
occurring at 37 GPa. The Raman signal s lost above 60 GPa

and metallization 1s confirmed with transport measurements.
[0048] The results mm FIGS. 3-5 demonstrate the first

material capable of RTSC with a T of 287(1) K at 267+10
GPa. This material 1s a ternary C—S—H system with
behavior distinct from that of pure H,S, whose the super-
conductivity dome eventually decreases as a function of
pressure. See Drozdov, et al. Nature 525,°73-76 (2015) (cited
above). “Compositional tuning” of these C—S—H ternary
systems and other matenal systems or compositions as
described herein through controlling molecular exchange at
lower pressures can be a key forward to achieving very high
T . superconductors that are stable (or metastable) at ambient
pressure.

Example 4: Example Structure Having Reduced
Inter-Atomic Spacing Between Hydrogen Atoms or
Dimers

[0049] FIG. 6 illustrates a first example of a composition
of matter, comprising a solid hydride 600 exhibiting super-
conductivity or comprising a superconductor at a tempera-
ture of at least 150 kelvin at an ambient pressure below 180
gigapascals, or at a temperature of at least 261 kelvin.
[0050] FIG. 6 1llustrates an example structure of the super-
conductor 600 manufactured according to example 3 and
comprising carbon, hydrogen, and sultur. The structure
comprises the carbon and sulfur disposed with periodic
stacking within a three-dimensional motif. In one or more
examples, the sultur 1s disposed in a CmCm symmetrized
motil and the overall structure 1s an Im-3m structure.
[0051] As 1llustrated herein, the sulfur and carbon can be
substituted with diferent elements (e.g., as listed 1 Block
100, FIG. 1). In a more general example, the structure
includes at least one of a stabilizing agent 602 (e.g., carbon,
sulfur, or substitute for carbon or sulfur) or a pressurizing
agent 604 (e.g., carbon, sulfur, or substitute for carbon or
sulfur). The stabilizing agent promotes bonding of the
hydrogen to surrounding lattice 606 and/or formation of a
distinct network comprising at least some of the hydrogen.
The pressurizing agent applies chemical pressure to the
periodic lattice so as to reduce inter-atomic spacing in the
lattice. In one or more examples, the pressurizing agent
comprises an atom having a larger diameter or size than
other atoms so as to reduce the inter-atomic spacing.
[0052] Example stabilizing agents 602 comprise a chemi-
cal 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 604 include a chemical con-
stituent (e.g., atom or molecule) including at least one of Li,
B, Be, Mg, Mn, Fe, Sc, Se, P, Y, or La. In various examples,
the chemical constituent comprises both a stabilizing agent
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and pressurizing agent. Stabilizing agents and pressurizing
agents may also be considered chemical dopants.

[0053] In various examples, the hydrogen framework (ar-
rangement) 608 can be distinct from the second framework
(arrangement) 606 containing any combination of two or
more elements from the list C, S L1, B, Be, Mg, Mn, Fe, Sc,
N, Se, P, Y, or La. The second framework (arrangement) may
include each of those elements from the list separately
bonded to hydrogen or other elements to form a lattice of
compounds (e.g., so that compounds containing C, S, etc.
are at diflerent sites or points in the lattice).

[0054] FIG. 6 turther illustrates an example wherein the
inter-atomic distance a, between the hydrogen in the com-
position of matter 1s 1n a range of 1.1-1.3 angstroms (e.g.,
similar to that found in metallic hydrogen). The hydrogen
atoms 1n the channels 610 form molecular hydrogen (dimers
612 or covalently bonded hydrogen pairs) wherein the sigma
bonds 1n the molecular hydrogen are weakened as the bond
order 1s lowered from 2 to possibly about 1.5. In other
examples, the bond order 1s reduced as low as zero so that
the hydrogen atoms 1n the channels comprise atomic hydro-
gen. As used herein, bond order 1s the number of chemical
bonds between a pair of atoms and indicates the stability of
a bond. For example, in diatomic hydrogen (hydrogen
dimer, H—H), the bond order 1s 2; 1n atomic hydrogen, the
bond order 1s 0. The inter-atomic distance 1n the range of
1.1-1.3 angstroms can be the distance between hydrogen
atoms 1n the dimer and/or between adjacent neighboring
hydrogen atoms or hydrogen dimers.

[0055] In yet further examples, the hydrogen in the chan-
nels or networks may be considered to comprise hydrogen
atoms or dimers forming covalent bonds (e.g., directional
bonds) with other neighboring hydrogen atoms or dimers as
a consequence of the hydrogen atoms or dimers sharing
clectrons between them and overlapping, or hybridization of
two or more atomic orbitals. In yet further examples, the
hydrogen atoms or hydrogen dimers interact with their
neighbors 1n the channel or pores through resonance bond-
ing (e.g., similar to resonance bonding in benzene). In one
or more examples, the hydrogen disposed in the channels or
network comprises a self-interacting hydrogen rich network.
[0056] 1n one or more examples; the degree of covalency
1s 1ncreased in both the hydrogen dimer and with the
surrounding environment. The pressurizing agent and the
stabilizing agent may donate electron density to lower the
bond order in the H, dimer. As the bond order in the dimer
decreases the hydrogens may begin to become less distin-
guishable within the dimer and between the nearest neigh-
bors.

[0057] FIG. 6 illustrates a solid hydride 600 comprising at
least 3 different elements including hydrogen and exhibiting
superconductivity (e.g., at a temperature of at least 170
kelvin). However, the solid hydride may also comprising at
least 4 or more different elements including hydrogen and

exhibit superconductivity (e.g. at a temperature of at least
100 kelvin).

Example 5: Compositions Formed by Pairing or
Combination of Chemical Constituents

[0058] FIG. 7 1llustrates a superconducting composition of
matter formed by combining molecules XHx+YHy+H, or
XHx+YHy+7ZHz+H,, wherein X—I1.1, B, Be, Mg, Mn, Fe,
Sc, N, Se, P Y, C, S, La, Y=L1, B, Be, Mg, Mn, Fe, Sc, N,
Se, P Y, C, S, La, and Z—1.1, B, Be, Mg, Mn, Fe, Sc, N, Se,
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P,Y, C, S, La, and X, y, and z are the (e.g., stoichiometric)
amounts of the compounds comprising X, Y, and Z, respec-
tively. In the example of FIG. 7, the molecules comprise
H2S and methane.

[0059] In various examples, the molecules are then com-
pressed to form a compound, as illustrated in Block 106,
FIG. 1. The molecules may comprise a Van der Waals solid
706 and/or may be disposed 1n a (e.g., periodic) lattice 708
or structure prior to compression. In other examples, addi-
tional molecules are included, e.g., to form a pentanary
system. In the case of a Van der Waals solid, interactions
between molecules may comprise Van der Waals forces.

Example 6: Compositions Formed by Molecular
Exchange

[0060] Recent work has shown the pressure-driven dis-
proportionation of hydrogen sulfide (H,S) to H3S with a
confirmed T . of 203 kelvin at 155 gigapascals. See Drozdov,
et al. Nature 525, 73-76 (2015) (cited above). As H,S readily
mixes with hydrogen to form guest-host structures at lower
pressures, we consider the comparable size of methane to
H,S should allow molecular exchange within a large assem-
blage of van der Waals solids that are (highly) hydrogen-rich
with H, inclusions which can then be the building blocks for
novel superconducting compounds at commercially relevant
conditions.

[0061] In one or more examples, the superconducting
composition of matter comprises a hydride having a struc-
ture formed using molecular exchange between different
components of a Van der Waals solid precursor. The starting
matenals are selected so that the plurality of molecules
formed i1n Block 104 (and illustrated in FIG. 7) have
substantially similar or matched Van der Waals radii or
kinetic diameters (e.g., within 10% of each other). Molecu-
lar exchange between these molecules with the same shape/
s1ze enables the formation of a hydrogen rich superconduc-
tor. Example molecules having substantially similar Van de
Waals radi1 or kinetic diameters include, but are not limited
to, C,H,, C,H,, C;H,, CH,, H,S and NH,. As used herein,
kinetic diameter expresses the likelihood that a molecule
will collide with another molecule and indicates the size of
the molecule as a target (while being typically different from
the actual physical size of the molecule).

[0062] As aresult, the superconductor 600 or intermediate
structure 700 comprises different chemical species (mol-
ecules or elements) having substantially similar Van der
Waals radi1 or kinetic diameters (within 10% of each other)
such that a content of the hydrogen in the superconductor
600 1s super stoichiometric compared to (or higher than) a
largest content possible as determined by formal oxidation
states of the chemical constituents of the chemical species.
[0063] FIG. 7 turther illustrates an example wherein the
molecules (XHx and YHy) having substantially similar Van
der Waals radn or kinetic diameters are disposed in a
guest-host structure 700. The guest-host structure includes a
host structure 702 and a guest structure 704, wherein at least
one of the host structure or the guest structure comprises a
periodic lattice 708 and the guest structure includes hydro-
gen (e.g., 1 atomic or molecular form, or 1 a hydrogen
containming compound or hydrogen containing component
714). F1G. 7 illustrates the host structure comprises elements
different from hydrogen (e.g., 1n the form of a compound or
molecule 710, 712 comprising the elements different from
hydrogen). In one or more examples, the hydrogen contain-
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ing component and the non-hydrogen containing compo-
nents are provided 1n stoichiometric amounts.

[0064] In some examples, the host structure comprises at
least one of the stabilizing agent (710 and/or 712) or the
pressurizing agent (710 and/or 712). As described herein, the
stabilizing agent promotes bonding of the hydrogen to the
host structure and/or formation of a distinct network com-
prising at least some of the hydrogen, and the pressurizing
agent applies chemical pressure to the periodic lattice so as
to reduce inter-atomic spacing in the lattice. In one or more
examples, the stabilizing agent, the pressurizing agent, and
the hydrogen contaiming component are provided in stoi-
chiometric amounts.

[0065] In one or more examples, compression of the Van
der Waals solid having the guest-host structure of FIG. 7
leads to the structure illustrated in FIG. 6. In one or more
examples, as the Van der Waals solid 1s compressed to form
the solid hydride, the degree of covalency 1s increased in
both the hydrogen dimer and with the surrounding environ-
ment. For example, the pressurizing agent and the stabilizing
agent may donate electron density to lower the bond order
in the H, dimer. As the bond order 1n the dimer decreases the
hydrogens may begin to become less distinguishable within
the dimer and between the nearest neighbors. Thus, FIG. 7
illustrates another example of a composition of matter,
wherein the solid hydride 600 exhibiting superconductivity
or comprising a superconductor 1s formed from a Van der
Waals solid 706 or guest-host structure 700 and wherein the
composition ol matter 1s a superconductor at a temperature
of at least 150 kelvin at an ambient pressure below 180
gigapascals, or at a temperature of at least 261 kelvin.

Example 7: Hydrogen Networks, Channels, and
Interatomic Spacing

[0066] FIG. 8 illustrates an example wherein the super-
conductor 800 comprises a composition of matter compris-
ing a hydrogen network 812, hydrogen framework, or chan-
nels 802 or pores comprising hydrogen 804. The channels or
pores (e.g., 1-dimensional pores or 1-dimensional channels)
comprise a series of hydrogen atoms or hydrogen dimers
(molecular hydrogen) positioned along a length L. of the
channels. In various examples, the distance a, between
neighboring hydrogen atoms or dimers in the channel 1s 1n
a range ol 1.1 angstroms to 2 angstroms. In various
examples, the channels or network comprise one or more
fiber structures, one or more filament structures, or other

structures (e.g., ribbons whose length 1s substantially (e.g.,
at least 1000 times) longer than their wadth.

[0067] The channels are defined by a surrounding lattice
of chemical constituents (stabilizing agents 602 and/or pres-
surizing agents 604) distinct from the hydrogen network. In
various examples, the lattice, framework, or matrix (e.g.,
comprising chemical constituents such as the stabilizing
agents or pressurizing agents) contains or holds the hydro-
gen 1n the composition of matter and provides a chemical
environment for the hydrogen allowing higher T . at lower
pressures.

[0068] FIG. 8 illustrates an example wherein the stabiliz-
ing agent and/or pressurizing agent comprises chemical
constituents including carbon and sulifur. However, other
chemical constituents (e.g., stabilizing agents and pressur-
1zing agents) can be used as illustrated herein. The arrow 814
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indicates the direction of increasing pressure as the super-
conductor 1s formed from compression of starting materials
810.

[0069] Thus, FIG. 8 illustrates another example of a
composition of matter, comprising a solid hydride 800c
exhibiting superconductivity or comprising a superconduc-
tor at a temperature of at least 150 kelvin at an ambient
pressure below 180 gigapascals, or at a temperature of at
least 261 kelvin, wherein the solid hydride comprises a
framework defining channels, each of the channels compris-
ing a series of hydrogen atoms or hydrogen dimers 804
positioned along a length L of the each of the channels 802
and wherein the hydrogen atoms or hydrogen dimers 804
have a spacing an in the range 1.1 angstroms=a,<2 ang-
stroms, and wherein the spacing comprises the distance
between the hydrogen 1n the dimers or between neighboring,
dimers or hydrogen atoms 804 1n the each of the channels.
[0070] FIG. 8 illustrates a solid hydride 800 comprising at
least 3 different elements including hydrogen and exhibiting
superconductivity (e.g., at a temperature of at least 170
kelvin). However, the solid hydride may also comprising at
least 4 or more diflerent elements including hydrogen and
exhibit superconductivity (e.g. at a temperature of at least

100 kelvin).

Example 8: Covalent Metal Hydrides

[0071] In one or more examples, the superconductors 600,
800 disclosed herein are covalent metal hydrides. Without
being bound by scientific theory, a covalent metal hydride 1s
defined as having a strongly covalent-bonding/antibonding
states crossing the Fermi energy so that at least some
components of the superconductor are covalently bonded. At
high pressures, these covalent hydrogen-rich compounds
have higher hydrogen content compared to nominal valences
of the constituent elements of the superconductor. The
non-hydrogen atoms 1n the superconductor are selected with
the specific electronegativity needed to form a covalent
metal hydnde.

[0072] In various examples illustrated herein, the covalent
metal hydride 1s formed by compression of a Van der Waals
solid following molecular exchange between the molecules
in the Van der Waals solid. Compression of the Van der
Waals solid (Block 106, FIG. 1) reduces the inter-atomic and
intra-molecular distances between the molecules so that the
interatomic forces between molecules and the covalent
bonds begin to become comparable and the system begins to
establish covalent bonds between the molecules, forming a
covalent metal hydrnide.

[0073] The degree of covalency (degree of overlapping of
atomic orbitals or bond hybridization given by the exchange
integral) and the formation of a covalent metal hydride can
be determined or measured using a variety of methods,
techniques, or tools including angle-resolved photoemission
spectroscopy (ARPES), optical vibrational spectroscopy e.g.
FTIR and Raman spectroscopy, resonant inelastic X-ray
scattering (RIXS), and Density Functional Theory to calcu-
late the partial-density of states.

[0074] A covalent metal hydride as described herein can
be differentiated from a metal hydrnide or metal superhy-
dride. Investigation of the predicted band structures of
rare-carth (La and Y) super-hydrides implies an 1onic heavy
atom that donated its valence electrons 1nto the hydrogen
network, stabilizing a clathrate-like hydrogen cage structure.
See, Strobel et al. (cited above) and also see, Liu, H.,
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Naumov, I. 1., Hoflmann, R., Ashcroit, N. W. & Hemley, R.
J. Potential high-Tcsuperconducting lanthanum and yttrium
hydrides at high pressure, Proc. Natl. Acad. Sci. U.S.A 114,
6990-6995 (2017). Based on the properties of metallic
hydrogen, such metal hydride compounds have a high
density of hydrogen related states at the Fermi level and a
large electron-phonon coupling related to the hydrogens
allowing formation of a superconductor. A corollary to the
density of hydrogen-derived states at the Fermi level 1s that
the hydrogen must take on forms other than molecular H,
which populates energy states below the Fermu level. Thus,
the hydrogen 1n the metal hydrides 1s 1n an atomic-like form,
in contrast to the more molecular-type hydrogen bonding
comprising shared electrons 1n a covalent metal hydrnide as
described herein.

Example 9: Compositional Tuning

[0075] Chemical tuning (e.g., within a ternary or a qua-
ternary system) provides a path to tailoring or tuning the
chemical environment and composition to optimize or tailor
the superconducting properties/quantum states and pressures
applied during manufacturing and/or operation for various
applications. Further “compositional tuning” of C—S
H—X ternary/quaternary systems through controlling
molecular exchange at various pressures (including lower
pressures) may be used to tailor the quantum states and
achieve superconductors that are stable (or metastable) at
ambient pressure and have higher or lower T . as needed for
various applications.

[0076] Controlled tunability of pressure and temperature
(1.e., the energy density) 1s critical in the search for new
materials. This interplay between pressure and temperature
provides a powertul tool—giving access to novel states,
allowing control of reaction pathways, and directly exam-
ining kinetic factors.

[0077] FIG. 9 1s a flowchart illustrating a method of
making a composition of matter using compositional tuning
or chemical tuning to manufacture samples with difierent
starting materials.

[0078] Block 900 represents combining two or more com-
ponents comprising elements suitable for forming a host
structure or framework for hydrogen, so as to form a
combination of components. In one or more examples, the
components are combined or mixed in molar ratios and
milled (e.g., using ball milling) so as to form a powder
mixture comprising (e.g., homogeneous) particles having a
diameter smaller than 5 micrometers. In further examples,
the components are mixed using metal sputtering techniques
that deposit controlled mixtures of stoichiometric metal
alloys (e.g. La+Y or Li+Mg). The components can also be
mixed by gas loading of the components as molecular
gaseous starting materials.

[0079] Block 902 represents loading the combination of
the components (e.g., powder mixture) into a pressure
device, e.g., as 1illustrated 1in FIG. 2.

[0080] Block 904 represents loading the hydrogen so as to
contact the hydrogen with the combination of components
(e.g., powder mixture). In some embodiments, all compo-
nents (1including hydrogen) are loaded and mixed as molecu-
lar gaseous starting materials. In one or more examples,
hydrogen 1s cryogenically loaded or gas loaded at a pressure
of several thousand bar.
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[0081] Block 906 represents applying a first pressure to
the hydrogen and the combination of starting materials/
components using the pressure device.

[0082] Block 908 represents irradiating or heating the
combination and the hydrogen with electromagnetic radia-
tion or other heating means while applying the first pressure.
In one or more examples, the first pressure and the irradi-
ating or heating provide conditions 1mitiating a reaction form
one or more chemical bonds between the hydrogen and at
least one of the elements, forming molecules each compris-
ing a hydrogen moiety combined with one of the elements.

[0083] In one or more examples, the molecules form an
intermediate product comprising a Van der Waals solid. In
one or more examples, the wrradiating and the first pressure
provide conditions enabling molecular exchange between
the plurality of molecules and 1ncrease a coordination num-
ber of one or more of the elements to at least 6 (e.g., 1n a

range of 6-20).

[0084] Example pressures are 1 a range of 0.1 to 20 GPa
(gigapascals).
[0085] In some examples, the components and hydrogen

are combined to form one or more intermediate products
using photochemical synthesis comprising the irradiating
with wvisible electromagnetic radiation providing photon
energy for chemical bond formation rather than thermal
energy.

[0086] In other examples, the intermediate products are
formed using thermal synthesis using ohmic heating or laser
heating from a continuous wave (CW) or pulsed source.

[0087] Block 910 represents compressing the molecules at
a second pressure to form a solid compound.

[0088] Block 912 represents measuring one or more prop-
erties of the solid so as to determine whether the solid 1s a
superconductor.

[0089] Block 914 represents selecting the two or more
clements from a list of suitable elements and repeating steps
of Blocks 900-912 for every combination of the two or more
clements in the list. In one or more examples, the elements
are independently selected from L1, B, Be, Mg, Mn, Fe, Sc,
N, Se, P, Y, C, or La from the periodic table of the elements.
The step further comprises selecting the combination exhib-
iting superconductive properties at the lowest second pres-
sure.

[0090] Block 916 represents repeating steps of Blocks
900-912 with the selected combination; and varying, 1n turn,
conditions including at least one of the first pressure, the
wavelength of the electromagnetic radiation, the intensity of
the electromagnetic radiation, the duration of the 1rradiation,
and relative amounts of each component/element, so as to
identify the conditions and components or compositions
achieving the superconductivity and stability at the lowest
second pressure and without application of the second
pressure or with the reduced second pressure.

[0091] In one or more examples, the superconductor com-
prises a solid hydride including a first component A com-
prising a hydrogen-containing component including the
hydrogen; a second component B and a third component C;
and the solid hydrnide has the formula A_B,C _H_; wherein C

i1s H 1n a ternary compound and C 1s different from H in 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, x1s 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
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substituted with other elements from the list or other ele-
ments to reflect doping (e.g., doping with other elements up
to 20%).

[0092] In one or more examples, the superconductor
formed by the method of FIG. 9 comprises the structure of
any ol the examples 1-40 1n the next section entitled
“composition embodiments.” In one or more examples, the
superconductor has at least a picoliter volume or has a
diameter of at least 0.1 mm diameter and a thickness of at
least 0.05 mm.

[0093] In the step represented by block 908, example
intermediate products formed 1include, but are not limited to:

S+C+H2

H2S+CH4+H2+X
H2S+CH4+X
H2S5+C+S+X(H2S+CH4+X)
H2S+C+NH3

H2S+C+NH3+X
CS2+H,

Li2XH16

[0094] where X—L1, B, Be, Mg, Mn, Fe, Sc, N, Se, P,
Y, or La.
[0095] The justification for selecting N, Se, P 1s the
availability of lone pairs for donating into the sigma bonds
of H, to drive bond dissociation (a lower of the bond order).

[0096] The justification for selecting Li, B, Be 1s the
addition of lighter atoms to the system to assist with electron
phonon coupling mechanisms and phono-mediated super-
conductivity.

[0097] The justification for selecting Mg, Mn, Fe, Sc, Y,
La 1s that their presence 1n these ternary/quaternary 1s most
likely non-stoichiometric but may be necessary to permit a
greater amount of hydrogen intercalated into the solid
framework at low pressures.

ADDITIONAL EMBODIMENTS

A. Composition of Matter Additional Embodiments

[0098] Examples of superconductive hydrides include, but
are not limited to, the following. The superconducting
compositions of matter can be manufactured using the

method of FIG. 1 or FIG. 9 (referring to FIGS. 1-9).

[0099] Al. FIGS. 6-8 illustrate a composition of matter,
comprising: a solid hydride 600, 800 exhibiting supercon-
ductivity or comprising a superconductor: at a temperature
of at least 150 kelvin at an ambient pressure below 180
gigapascals, or at a temperature of at least 261 kelvin.

[0100] AZ2. The composition of matter of example Al,
wherein the solid hydride includes a first amount of hydro-
gen, a second amount of a material (e.g., selected from sulfur
(S), lithium (L1), boron (B), beryllium (Be), magnesium
(Mg), manganese (Mn), iron (Fe), scandium (Sc), nitrogen
(N), selenium (Se), phosphorus (P), yttrium (Y), carbon (C),
or lanthanum (La)), and the first amount, the second amount,
and the composition of the material are such that, or are
tuned or tailored such that, the solid hydride exhibits the
superconductivity, 1s superconductive, has superconductive



US 2023/0301203 Al

properties, or comprises the superconductor: at the tempera-
ture of at least 150 kelvin at an ambient pressure below 180
gigapascals, or at a temperature of at least 261 kelvin.
[0101] A3. The composition of matter of examples Al or
A2, wherein the ambient pressure comprises a pressure
applied by a gaseous and/or liquid atmosphere 1n physical
contact with or surrounding the solid hydnde.

[0102] A4. The composition of matter of any of the
examples Al-A3, wherein the solid hydride exhibits the
superconductivity at the temperature of at least 160 kelvin,
at least 170 kelvin, at least 180 kelvin, at least 200 kelvin,
at least 277 kelvin, or at least 280 K.

[0103] AS. The composition of matter of any of the
examples Al-A4, wherein the superconductivity 1s at the
temperature 1 a range up to 500 kelvin (e.g., at the tem-
perature 1n a range of 160 kelvin-500 kelvin).

[0104] A6. The composition of matter of any of examples
Al-AS, wherein the solid hydride comprises at least two
chemical elements selected from sultur (S), lithium (L1),
boron (B), bervllium (Be), magnesium (Mg), manganese
(Mn), 1ron (Fe), scandium (Sc¢), nitrogen (N), selemum (Se),
phosphorus (P), yttrium (Y), carbon (C), or lanthanum (La).
[0105] A7. A composition of matter, comprising: FIGS. 6
and 8 illustrate a solid hydride 600, 800 comprising at least
3 different elements including hydrogen and exhibiting
superconductivity at a temperature of at least 170 kelvin.
[0106] AR. FIG. 7 illustrates the composition of matter of
any of the examples Al1-A6, wherein: the solid hydride 1s
formed from a combination of XHx+YHy+H,, where
X—IL1, B, Be, Mg, Mn, Fe, Sc, N, Se, P, Y, C, S, La, Y—L.1,
B, Be, Mg, Mn, Fe, Sc, N, Se, P, Y, C, S, La, and x and y
are the stoichiometric amounts of the compounds compris-
ing X and Y respectively.

[0107] A9. A composition of matter, comprising: a solid
hydride comprising at least four diflerent elements including,
hydrogen and exhibiting superconductivity at a temperature
of at least 100 kelvin.

[0108] A10. The composition of matter of any of the
examples A1-A6 or A9, wherein: the solid hydride 1s formed
from a combination of XH +YHy+ZHz+H,, where X—I.1,
B, Be, Mg, Mn, Fe, Sc, N, Se, P, Y, C, S, La, Y—L1, B, Be,
Mg, Mn, Fe, Sc, N, Se, P, Y, C, S, La, and Z—1.1, B, Be, Mg,
Mn, Fe, Sc, N, Se, P, Y, C, S, La, and x, y, and z are the
stoichiometric amounts of the compounds comprising X, Y,
and 7, respectively.

[0109] All. The composition ol matter of any of the
preceding examples, wherein: the solid hydride comprises a
first component A comprising a hydrogen-containing coms-
ponent comprising the hydrogen; a second component B and

a third component C; and the solid hydrnide has the formula
A_B,C _H ; and wherein b:c 1s 1n a range of 1:20 to 20:1, a:b

1s 1 a range of 1:20 to 20:1; x 1s 1n a range from 1 to 15; H
1s hydrogen; C can be H with x=0 1n a ternary system and
C 1s different from H 1n a quaternary system; and one or
more of A, B, C are undoped or comprise a dopant concen-
tration 1n a range 0-20%.

[0110] AIl2. The composition of matter of example All,
wherein A comprises carbon and B comprises sulfur.
[0111] AI13. The composition of matter of example All,
wherein A, B, and/or C comprise at least one eclement
selected from L1, Y and La.

[0112] A1l4. The composition of matter of example All,
wherein: A comprises at least one element selected from Li,

B, Be, Mg, Mn, Fe, Sc, N, Se, P, Y, C, S, and La, and B
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comprises at least one element selected from L1, B, Be, Mg,
Mn, Fe, Sc, N, Se, P, Y, C, S, La.

[0113] AI1S. The composition of matter of any of the
preceding examples Al-Al4, wherein the solid hydnde
comprises a metallic crystal comprising a metal or carbon,
sulfur, and hydrogen.

[0114] Al6. FIGS. 2-5, 6, and 7 1llustrate the composition
of matter of any of the preceding examples A1-A15, wherein
the solid hydride 600, 700 has the formula (H,S),_(CH,)
H,, or 1s formed from compression of an ntermediate
product having the formula (H,S), (CH,) H,, or XHX 1s
methane and YHy 1s H,S.

[0115] A1l7. The composition of matter of any of the
examples Al1-Al15, wherein the solid hydride comprises a
component (e.g., A, B, C, X, Y, Z) covalently bonded to
hydrogen and having a coordination number of at least 6
(e.g., 1n a range ol 6-20).

[0116] AI18. FIG. 8 illustrates the composition of matter of
any of the preceding examples Al-Al6, wherein: the solid
hydride comprises a framework defining one or more chan-
nels, each of the channels comprising or containing a series
of hydrogen atoms or hydrogen dimers positioned along a
length of the each of the channels.

[0117] A19. FIGS. 6 and 8 illustrate the composition of
matter of example A18, wherein the solid hydride comprises
the hydrogen atoms or hydrogen dimers having an (e.g.,
interatomic) spacing an 1n a range 1.1 angstroms=a,=<1.3
angstroms or in a range 1.1 angstroms=a,=2 angstroms
wherein the spacing 1s between the hydrogen atoms 1n the
dimer or between neighboring or adjacent hydrogen atoms
in the series of hydrogen atoms along the length of the
channel.

[0118] AZ20. FIG. 7 1llustrates the composition of matter of
any of the preceding examples Al1-Al19, wherein the solid
hydride has a structure formed from compression of a Van
der Waals solid.

[0119] A21. FIG. 7 illustrates the composition of matter of
example A20, wherein the Van der Waals solid precursor
comprises hydrogen in the form H,, a first molecule (e.g.,
XHx) comprising a first hydrogen moiety, and a second
molecule (e.g., YHy) comprising a second hydrogen moiety.
[0120] A22. The composition of matter of examples A20
or A21, wherein solid hydride has a structure formed using
molecular exchange between the molecules (e.g, XHx. YHy)
or different components of the Van der Waals solid.

[0121] A23. The composition of matter of any of the
preceding examples Al-A22, wherein the solid hydride or
an ntermediate product compressed to form the solid
hydride comprises at least one of methane, molecular hydro-
gen, a hydrogen polymer, or a multi-valent hydride, HS,
silane, or LiH, or other hydrogen-containing compound
derived from a hydrogen precursor.

[0122] A24. The composition of matter of any of the
preceding examples A21-23, wherein the solid hydnde
comprises a covalent metal hydride.

[0123] A25. The composition of matter of any of the
preceding examples Al-A24 wherein the solid hydride com-
prises a polymer, an organic compound (e.g., a hydrocar-
bon), or an organically derived compound comprising the
structure of the organic compound wherein carbon 1s sub-
stituted with an element different from carbon.

[0124] A26. FIG. 6, FIG. 7, and FIG. 8 illustrate a com-
position of matter, comprising: a superconductor 600, 800
comprising a solid formed from compression of a guest-host
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structure 700 comprising a host structure 702 and a guest
structure 704, wherein: at least one of the host structure 702
or the guest structure 704 comprises a periodic lattice 708,
the guest structure includes hydrogen (or a hydrogen con-
taining component, e.g., H,), and the host structure com-
prises at least one of: means for stabilizing (a stabilizing
agent 602) promoting bonding of the hydrogen to the host
structure and/or formation of a distinct network 802 com-
prising at least some of the hydrogen; or means for pres-
surizing (a pressurizing agent 604) applying chemical pres-
sure to the periodic lattice so as to reduce inter-atomic
spacing 1n the lattice; and such that the superconductor
exhibits superconductivity or 1s the superconductor at a
temperature of at least 100 kelvin and at an ambient pressure
or environmental pressure below 300 gigapascals. In one or
more examples, the ambient pressure comprises a pressure
applied by a gaseous and/or liquid atmosphere 1n physical
contact with or surrounding the solid hydride superconduc-
tor.

[0125] AZ27. The composition of matter of example A26,
wherein: the stabilizing agent 602 comprises at least one of
C, L1, B, Be, Mg, Mn, Fe, Sc, N, Se, P, Y, or La, the
pressurizing agent 604 comprises at least one of S, L1, B, Be,
Mg, Mn, Fe, Sc, Se, P, Y, or La, and further comprising a
hydrogen-containing component comprising atomic hydro-
gen, molecular hydrogen, a hydrogen polymer, or a multi-
valent hydride.

[0126] AZ28. The composition of matter of example A26,
wherein the hydrogen-containing component is methane,
HS, H2S, Silane, or LiH.

[0127] A29. The composition of matter of any of the
examples A26-A28, wheremn the stabilizing agent has a
coordination number of at least 6 (e.g., in a range of 6-20).
[0128] A30. The composition of matter of any of the
examples A26-A29, wheremn the superconductor has a
hydrogen content that 1s higher compared to a largest content
possible as determined by formal oxidation states ol con-
stituent elements of the solid at ambient conditions (e.g.,
atmospheric pressure and room temperature) prior to a
compression of the constituent elements comprising the
stabilizing agent and the pressurizing agent.

[0129] A31. The composition of matter of any of the
preceding examples A26-A30, wheremn the solid or the
guest-host structure 700 has the formula (H,S), (CH,) H,.
[0130] A32. The composition of matter of example A31,
wherein the host structure comprises a hydrogen-hydrogen
sulfide structure where HS or H,S has been substituted for
methane.

[0131] A33. The composition of matter of any of the
examples A26-A32, wherein the guest-host structure com-
prises a Van der Waals solid and compression transforms
interactions from non-covalent interactions with the hydro-
gen-containing component (e.g., H,) to a system wherein at
least one of a first bond between the hydrogen-containing
component and the stabilizing agent, or between the pres-
surizing agent and the hydrogen containing component has
an icreased degree of covalency or 1s a covalent bond.

[0132] A34. The composition of matter of any of the
examples A26-A33 comprising the solid hydride of any of
any of the examples A1-A25.

[0133] A35. FIG. 8 illustrates a composition of matter,
comprising: a superconductor 800 or superconducting com-
position of matter comprising covalent metal hydride having,
at least 2 different chemical elements and hydrogen atoms or
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hydrogen dimers, wherein a (e.g., inter-atomic) distance a,,
between the hydrogen atoms or the hydrogen dimers 1s 1n a
range of 1.1 angstroms=a,=<1.3 angstroms or 1n a range 1.1
angstroms=a, <2 angstroms.

[0134] A36. FIG. 6 and FIG. 8 1llustrate a composition of
matter, comprising: a hydride 600, 800 exhibiting supercon-
ductivity at a temperature of at least 250 kelvin formed from
a compression of a Van der Waals solid.

[0135] A37. FIG. 6 and FIG. 7 1llustrate A composition of
matter 600, 800 comprising a superconductor formed from
molecular exchange between a plurality of molecules (e.g.,
XHx, YHy) disposed 1n a lattice 708, wherein the supercon-
ductor exhibits superconductivity at a temperature of at least
250 kelvin.

[0136] A38. The composition of matter of any of the
examples A34-A37, including the solid hydride of any of the
examples Al1-A24 or A23.

[0137] A39. The composition of matter of any of the
preceding examples A1-A38, wherein the hydrnide has a
hydrogen content (or means for providing the hydrogen
content) that 1s higher compared to a largest content possible
as determined by formal oxidation states of constituent
clements of the hydride, solid hydride, or the superconductor
at ambient conditions (e.g., atmospheric pressure and room
temperature) prior to a compression of the constituent ele-
ments.

[0138] A40. The composition of matter of any of the
preceding examples A1-A38, comprising means for holding
hydrogen 1n a framework and/or providing the hydnde
having the superconductive properties as described herein.
[0139] A41. The composition of matter of any of the
preceding examples, wherein the superconductivity 1s char-
acterized by the hydride, the solid hydride, or the supercon-
ductor having or exhibiting at least one of zero electrical
resistance, a critical magnetic field, an expulsion of an
external magnetic field according the Meissner eflect, and/or
a diamagnetic property. In one or more examples, the
clectrical resistance measured above zero comprises noise
but the hydride or solid hydride 1s considered a supercon-
ductor having no (or zero) electrical resistance.

[0140] A42. A device (e.g., useful 1n quantum computing,
a power electronics, or transportation) comprising the super-

conductor or composition of matter ol any of the examples
Al-A40.

B. Method and Apparatus Additional Embodiments

[0141] The present disclosure describes methods and
devices for making a composition of matter. Example meth-
ods 1nclude, but are not limited to, the following.

[0142] BI1. A method of making a composition of matter,
comprising: (a) providing one or more first conditions that
initiate a reaction between two or more different materials
and hydrogen so as to form a plurality of molecules each
comprising a hydrogen moiety and at least one constituent
element from a different one of the diflerent materials; and
(b) providing one or more second conditions that tune an
intra-atomic and intermolecular distance of the plurality of
molecules so as to form a solid compound comprising a
superconductor comprising the constituent elements and the
hydrogen and wherein: the superconductor exhibits super-
conductivity at a temperature above 170 kelvin, and/or the

different materials each comprise the at least one constituent
clement selected from S, L1, B, Be, Mg, Mn, Fe, Sc, N, Se,

P, Y, C, and La.
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[0143] B2. The method of example B1l, wherein the first
conditions comprise a first pressure and irradiation using
clectromagnetic radiation.

[0144] B3. The method of example B2, wherein at least
one of the different materials comprises sulfur and the
irradiating causes photoscission of the at least one of the
different materials into the constituent elements comprising
sulfur so as to allow formation of a bond between the sulfur
and the hydrogen moiety in at least one of the molecules.
[0145] B4. The method of any of examples B1-B3,
wherein the second conditions include a second pressure.

[0146] B5. The method of example B4, wherein the sec-

ond pressure 1mcludes chemical pressure applied by at least
one of the chemical constituents.

[0147] B6. The method of any of the examples B1-B5,
wherein the second conditions form the superconductor
comprising hydrogen atoms or hydrogen dimers separated
by a distance a, 1n a range of 1.1=a=2 angstroms.

[0148] B7. The method of any of the preceding examples
B1-B6, wherein the first conditions include: wrradiating with
clectromagnetic radiation having an intensity greater than 10
milliwatts for at least 2 hours, and a first pressure 1n a range
of 3-5 gigapascals or so that hydrogen 1s not solidified.
[0149] BS. The method of any of the preceding examples

B1-B7, wherein the first conditions form the plurality of
molecules into at least one of a Van der Waals solid or a

lattice comprising a guest-host structure.

[0150] B9. The method of any of examples B1-BS,
wherein the irradiating and the pressure provide the first
conditions enabling molecular exchange between the plu-
rality of molecules and/or increase a coordination number of

one or more of the constituent elements of the molecules to
at least 6.

[0151] BI10. The method of any of examples B1-B9,

wherein the different materials comprise a powder compris-
ing particles having a diameter of 10 microns or less.
[0152] BI11. The method of any of examples B1-B10,
turther comprising selecting three or more of the different
materials so as to form the superconductor comprising at
least three of the constituent elements.

[0153] B12. The method of any of examples B1-Bll,
turther comprising providing the hydrogen as a hydrogen
precursor comprising atomic hydrogen, molecular hydro-
gen, a hydrogen polymer, or a multi-valent hydrnde.

[0154] B13. The method of example B12, wherein the
hydrogen precursor 1s methane, HS, Silane, LiH, or any
hydrogen precursor used in molecular beam epitaxy or
chemical vapor deposition.

[0155] Bl14. A superconducting composition of matter
manufactured according to the method of any of the pre-
ceding examples B1-B13.

[0156] BI15. An apparatus for making a superconductor,
comprising: a pressure device for applying pressure up to at
least 400 gigapascals; and a laser coupled to the pressure
device, wherein: the laser outputs electromagnetic radiation
having a wavelength and intensity configurable to initiate, in
combination with a first pressure applied using the pressure
device, a reaction between two or more different materials
and hydrogen so as to form a plurality of molecules each
comprising a hydrogen moiety and at least one constituent
element from a different one of the different materials; and
the pressure device applies a second pressure that tunes an
intra-atomic and intermolecular distance of the plurality of
molecules so as to form a solid compound comprising a
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superconductor comprising the constituent elements and the
hydrogen and wherein: the superconductor exhibits super-
conductivity at a temperature above 170 kelvin, and/or the
different materials each comprise the at least one constituent

clement selected from S, L1, B, Be, Mg, Mn, Fe, Sc, N, Se,
P, Y, C, and La.

[0157] BI16. The apparatus of example B15, wherein the
laser 1s configured to output the electromagnetic radiation
causing photoscission of the at least one of the different
materials 1nto the constituent elements comprising sulfur so
as to allow formation of a bond between the sulfur and the
hydrogen moiety 1n at least one of the molecules.

[0158] B17. The apparatus of examples B15 or B16,
wherein: the pressure device comprises a diamond anvil
including two diamond pieces and a gasket comprising a
sample holder, wherein the gasket 1s at an interface between
the two diamond pieces; and the laser 1s coupled to the
pressure device so as to transmit the electromagnetic radia-
tion through one of the diamond pieces to the sample holder.

[0159] BI18. A method of making a composition of matter,
comprising: (a) combining two or more components coms-
prising constituent elements suitable for forming a host
structure for hydrogen; (b) loading the hydrogen and the two
or more components 1to a pressure device so as to contact
the hydrogen with the two or more components; (¢) applying
a first pressure to the hydrogen and the components in the
pressure device; (d) irradiating the components and the
hydrogen with electromagnetic radiation, wherein the first
pressure and the 1rradiation initiate a reaction between the
components and hydrogen so as to form a plurality of
molecules each comprising a hydrogen moiety and at least
one constituent element from a diflerent one of the compo-
nents; () compressing the molecules at a second pressure to
form a solid compound; (1) measuring one or more proper-
ties of the solid compound so as to determine whether the
solid compound 1s a superconductor; (g) selecting the two or
more components from a list of components and repeating
steps (a)-(1) for every combination of the two or more
components 1n the list; and (h) selecting the combination of
the two or more components forming the solid compound
exhibiting superconductive properties at the lowest second
pressure, to obtain a “selected combination™; (1) repeating
steps (a)-(1) with the selected combination, varying, 1n turn,
conditions including at least one of the first pressure, the
wavelength of the electromagnetic radiation, the intensity of
the electromagnetic radiation, the duration of the rradiation,
and amount of each of the constituent elements, so as to
identify the conditions achieving the superconductivity and
stability of the solid compound at the lowest second pressure
or without application of the second pressure comprising an
ambient pressure.

[0160] B19. The method of example B18, wherein the list

of components comprise the components comprising the

constituent elements selected from Li, B, Be, Mg, Mn, Fe,
Sc, N, Se, P, Y, C, and La.

[0161] B20. The method of any of examples B18-B19,

wherein the step (d) forms a Van der Waals solid comprising
the molecules.

[0162] B21. The method of any of examples B18-B20,
wherein the irradiating and the first pressure i1n step (d)
enable molecular exchange between the plurality of mol-
ecules and/or increase a coordination number of one or more
of the constituent elements of the molecules to at least 6.
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[0163] B22.The method of any of the examples B18-B21,
wherein the components comprise a powder comprising
particles having a diameter of 10 microns or less.

[0164] B23.The method of any of the preceding examples
B18-B22, further comprising selecting three or more of the
components so as to form the solid compound comprising at
least three of the constituent elements.

[0165] B24. A superconducting composition of matter
manufactured using compositional or chemical tuning com-
prising the method of any of the examples B18-B23.
[0166] B25. A method of making a composition of matter,
comprising: compressing molecules so as to form a super-
conducting composition of matter comprising at least two
different chemical elements and hydrogen wherein an inter-
atomic distance a between the hydrogen comprising hydro-
gen atoms or hydrogen dimers i1s in a range of 1.1=a=<2
angstroms.

[0167] B26. The method or apparatus of any of the
examples B1-B25, wherein the superconductor or supercon-
ducting composition of matter exhibits superconductivity at
a temperature of at least 150 kelvin and at an ambient
pressure below 180 gigapascals. In one or more examples,
ambient pressure comprises a pressure applied by a gaseous
and/or liquid atmosphere 1 physical contact with or sur-
rounding the solid hydride.

[0168] B27. A composition of matter according to
examples Al1-A40 manufactured according to the method or
apparatus of any of the examples B1-B26.

[0169] Further information on one or more embodiments
of the present invention can be found in the following
publication (and online additional information): Smder,
Elliot, Dasenbrock-Gammon, Nathan, McBride, Raymond,
Debessal, Mathew, Vindana, Hiranya, Vencatasamy, Lawter,
Kevin V., Salamat Superconductivity in a Carbonaceous
Sulfur Hydnde, Nature, 586, 373-377 (14 Oct. 2020) and
online additional information available at: doi.org/10.1038/
s41586-020-2801-z. To the extent permitted in relevant
jurisdictions, this article, and the associate additional infor-
mation available online, 1s hereby incorporated by reference
in 1ts enfirety.

[0170] The foregoing description of one or more embodi-
ments of the invention has been presented for the purposes
of illustration and description. It 1s not itended to be
exhaustive or to limit the invention to the precise form
disclosed. Many modifications and variations are possible 1in
light of the above teachings. It 1s intended that the scope of
the invention be limited not by this detailed description, but
rather by the claims appended hereto.

What 1s claimed 1s:

1. A method of making a composition of matter, compris-

ng:

(a) providing one or more first conditions that initiate a
reaction between one or more materials and hydrogen
so as to form a plurality of molecules each comprising
a hydrogen moiety and at least two diflerent constituent
elements from the one or more materials; and

(b) providing one or more second conditions that tune an
intra-atomic and/or intermolecular distance of the plu-
rality of the molecules so as to form a solid compound
comprising a superconductor comprising the constitu-
ent elements and the hydrogen, wherein:

the at least two different constituent elements are selected
from S, L1, B, Be, Mg, Mn, Fe, Sc, N, Se, P, Y, C, and
I .a.
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2. The method of claim 1, wherein the first conditions
comprise a lirst pressure and irradiation using electromag-
netic radiation.

3. The method of claim 2, wherein the one or more
materials comprises sulifur and the 1rradiating causes pho-
toscission of the one or more materials into the constituent
clements comprising sulfur so as to allow formation of a
bond between the sulfur and the hydrogen moiety 1n at least
one of the plurality of the molecules.

4. The method of any of claims 1-3, wherein the second
conditions include a second pressure.

5. The method of claim 4, wherein the second pressure
includes chemical pressure applied by at least one of the at
least one chemical constituent.

6. The method of any of claims 1-5, wherein the second
conditions form the superconductor comprising hydrogen
atoms or hydrogen dimers separated by a distance a, 1n a
range of 1.1=a<2 angstroms.

7. The method of any of claims 1-6, wherein the first
conditions 1nclude:

irradiating with the electromagnetic radiation having an
intensity greater than 10 milliwatts for at least 2 hours,
and

a first pressure in a range ol 3-5 gigapascals or so that
hydrogen 1s not solidified.

8. The method of any of claims 1-7, wherein the first
conditions form the plurality of molecules into at least one
of a Van der Waals solid or a lattice comprising a guest-host
structure.

9. The method of any of claims 1-8, wherein the irradi-
ating and the pressure provide the first conditions enabling
a molecular exchange between the plurality of the molecules
and/or 1ncrease a coordination number of one or more of the

constituent elements of the plurality of the molecules to at
least 6.

10. The method of any of claims 1-9, wherein the one or

more materials comprise a powder comprising particles
having a diameter of 10 microns or less.

11. The method of any of claims 1-10, further comprising
selecting the one or more materials so as to form the
superconductor comprising at least three of the constituent
clements.

12. The method of any of claims 1-11, further comprising
providing the hydrogen as a hydrogen precursor comprising
atomic hydrogen, molecular hydrogen, a hydrogen polymer,
or a multi-valent hydride.

13. The method of claam 12, wherein the hydrogen
precursor 1s methane, HS, H,S, Silane, LiH, or any other
hydrogen precursor used in molecular beam epitaxy or
chemical vapor deposition.

14. A composition of matter comprising the superconduc-
tor manufactured according to the method of any of claims
1-13.

15. An apparatus for making a superconductor, compris-
ng:

a pressure device for applying pressure up to at least 400

gigapascals; and

a laser coupled to the pressure device, wherein:

the laser outputs electromagnetic radiation having a wave-

length and intensity configurable to mnitiate, 1n combi-
nation with a first pressure applied using the pressure
device, a reaction between one or more materials and
hydrogen so as to form a plurality of molecules each



US 2023/0301203 Al

comprising a hydrogen moiety and at least two different
elements from the one or more materials; and

the pressure device applies a second pressure that tunes an
intra-atomic and/or mtermolecular distance of the plu-
rality of the molecules so as to form a solid compound
comprising a superconductor comprising the constitu-
ent elements and the hydrogen and wherein:

the different materials each comprise the at least one
constituent element selected from S, Li, B, Be, Mg,
Mn, Fe, Sc, N, Se, P, Y, C, and La.

16. The apparatus of claim 15, wherein the laser 1is
configured to output the electromagnetic radiation causing
photoscission of the at least one of the different materials
into the at least one constituent element comprising sulfur so
as to allow formation of a bond between the sulfur and the

hydrogen moiety i at least one of the plurality of the
molecules.

17. The apparatus of any of claims 15-16, wherein:

the pressure device comprises a diamond anvil including
two diamond pieces and a gasket comprising a sample
holder, wherein the gasket 1s at an interface or junction
between the two diamond pieces; and

the laser 1s coupled to the pressure device so as to transmit
the electromagnetic radiation through one of the dia-
mond pieces to the sample holder.

18. A method of making a composition of matter, com-
prising;:
(a) combining two or more components comprising con-

stituent elements suitable for forming a host structure
for hydrogen;
(b) loading the hydrogen and the two or more components

into a pressure device so as to contact the hydrogen
with the two or more components;

(c) applying a first pressure to the hydrogen and the two
or more components 1n the pressure device;

(d) heating or 1rradiating the two or more components and
the hydrogen with electromagnetic radiation, wherein
the first pressure and the 1rradiation 1nitiate a reaction
between the two or more components and the hydrogen
so as to form a plurality of molecules each comprising
a hydrogen moiety and at least two difierent constituent
clements from the two or more components;

(¢) compressing the plurality of the molecules at a second
pressure to form a solid compound;

(1) measuring one or more properties of the solid com-
pound so as to determine whether the solid compound
1s a superconductor;

(g) selecting the components from a list of the compo-
nents and repeating steps (a)-(1) for every combination
of the two or more components 1n the list; and

(h) selecting a combination of the two or more compo-
nents forming the solid compound exhibiting supercon-
ductive properties at the lowest second pressure, to
obtain a “selected combination’;

(1) repeating steps (a)-(1) with the selected combination
including varying, in turn, conditions including at least
one of the first pressure, a wavelength of the electro-
magnetic radiation, an intensity of the electromagnetic
radiation, a duration of the irradiation, and an amount
of each of the constituent elements, so as to identity the
conditions achieving the superconductive properties
and stability of the solid compound at the second
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pressure that 1s lowest or without application of the
second pressure comprising an ambient pressure higher
than atmospheric pressure.

19. The method of claim 18, wherein the list of compo-

nents comprise the components comprising the constituent
clements selected from L1, B, Be, Mg, Mn, Fe, Sc, N, Se, P,

Y, C, and La.

20. The method of any of claims 18-19, wherein the step
(d) forms a Van der Waals solid comprising the plurality of
the molecules.

21. The method of any of claims 18-20, wherein the
irradiating and the first pressure in step (d) enable a molecu-
lar exchange between the plurality of molecules and/or
increase a coordination number of one or more of the
constituent elements of the molecules to at least 6.

22. The method of any of claims 18-21, wherein the
components comprise a powder comprising particles having
a diameter of 10 microns or less.

23. The method of any of claims 18-22, further compris-
ing selecting three or more of the components so as to form
the solid compound comprising at least three of the con-
stituent elements.

24. A superconducting composition of matter comprising,
the solid compound manufactured using chemical and/or
compositional tuning comprising the method of any of the
claims 18-23.

25. A method of making a composition ol matter, com-
prising:

compressing molecules so as to form a superconducting,

composition of matter comprising at least two different
chemical elements and hydrogen wherein a distance
between the hydrogen comprising hydrogen atoms or
hydrogen dimers 1s in a range of 1.1=a<2 angstroms.

26. The method of any of claim 1-13 or 18-23 wherein the
composition of matter exhibits superconductivity at a tem-
perature of at least 150 kelvin and at an ambient pressure
below 180 gigapascals.

27. The composition of matter of claim 14 wherein the
superconductor exhibits superconductivity at a temperature
of at least 1350 kelvin and at an ambient pressure below 180
gigapascals.

28. The apparatus of any of claims 15-17 wherein the
superconductor exhibits superconductivity at a temperature
above 150 kelvin and at an ambient pressure below 180
gigapascals.

29. The method of any of claim 1-13 or 18-23 wherein the
composition of matter exhibits superconductivity at a tem-
perature above 170 kelvin.

30. The composition of matter of claim 14 wherein the
superconductor exhibits superconductivity at a temperature
above 170 kelvin.

31. The apparatus of any of claims 15-17 wherein the
superconductor exhibits superconductivity at a temperature
above 170 kelvin.

32. A composition ol matter, comprising:

a solid hydride exhibiting superconductivity:

at a temperature of at least 150 kelvin at an ambient

pressure below 180 gigapascals, or

at the temperature of at least 261 kelvin.

33. The composition of matter of claim 32, wherein the
solid hydride exhibits the superconductivity at the tempera-
ture of at least 160 kelvin, at least 170 kelvin, at least 180
kelvin, at least 200 kelvin, at least 277 kelvin, and/or at least
280 K.
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34. The composition of matter of any of claims 32-33,
wherein the solid hydride comprises at least two elements

selected from S, L1, B, Be, Mg, Mn, Fe, Sc, N, Se, P, Y, C,
and La.

35. A composition of matter, comprising:

a solid hydride comprising at least three different ele-
ments including hydrogen and exhibiting superconduc-
tivity at a temperature of at least 170 kelvin.

36. The composition of matter of any of claims 32-35,

wherein:

the solid hydrnide 1s formed from a combination of com-
pounds XHx+YHy+H,,

H 1s hydrogen,

X—I.1, B, Be, Mg, Mn, Fe, Sc, N, Se, P, Y, C, S, or La,

Y—L1, B, Be, Mg, Mn, Fe, Sc, N, Se, P, Y, C, S, or La,
and X and y are the stoichiometric amounts of the
compounds comprising X and Y respectively.

37. A composition of matter, comprising,

a solid hydride comprising at least four different elements
and exhibiting superconductivity at a temperature of at

least 100 kelvin.

38. The composition of matter of any of claim 32-34 or
37, wherein:

the solid hydrnide 1s formed from a combination of com-

pounds XH +YH +ZH +H,,

H 1s hydrogen,

X—I.1, B, Be, Mg, Mn, Fe, Sc, N, Se, P, Y, C, S, or La,

Y—L1, B, Be, Mg, Mn, Fe, Sc, N, Se, P, Y, C, S, or La,

and

/—I1.1, B, Be, Mg, Mn, Fe, Sc, N, Se, P, Y, C, S, or La,

and X, y, and z are the stoichiometric or non-stoichio-
metric amounts of the compounds comprising X, Y, and
7., respectively.

39. The composition of matter of any of claims 32-38,
wherein:

the solid hydride comprises a first component A compris-

ing a hydrogen-containing component comprising
hydrogen;

a second component B and a third component C; and

the solid hydride has a formula A_B,C_H ; and further

wherein:

b:c 1s 1 a range of 1:20 to 20:1,

a:b 1s 1n the range of 1:20 to 20:1,

X 1s 1n the range from 1 to 15,

H 1s hydrogen, and

one or more of A, B, C are undoped or comprise a dopant

concentration in a range from above 0% to 20%.

40. The composition of matter of claim 39 wherein C 1s
H and x=0.

41. The composition of matter of claim 39 wherein C 1s
different from H.

42. The composition of matter of claim 39, wherein A
comprises carbon and B comprises suliur.

43. The composition of matter of claim 39, wherein:

A comprises at least one element selected from L1, B, Be,

Mg, Mn, Fe, Sc, N, Se, P, Y, C, S, and La, and
B comprises at least one element selected from Li, B, Be,
Mg, Mn, Fe, Sc, N, Se, P, Y, C, S, and La.

44. The composition of matter of any of claims 32-43,
wherein the solid hydride comprises a metallic crystal
comprising a metal or carbon, sulfur, and hydrogen.

45. The composition of matter of any of claim 32, 35, or
37 wherein the solid hydride has the formula, or 1s formed
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from a composition having the formula (H,S),_ (CH,) H, or
XHx 1s methane and YHy 1s H,S.

46. The composition of matter of any of claims 32-45,
wherein the solid hydride comprises a component covalently
bonded to hydrogen and having a coordination number of at
least 6.

47. The composition of matter of any of claims 32-46,
wherein the solid hydride comprises a framework defiming
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.

48. The composition of matter of claim 47, wherein the
solid hydride comprises hydrogen atoms or hydrogen dimers
having a spacing an 1n the range 1.1 angstroms=a, <2 ang-
stroms, wherein the spacing comprises the distance between
the hydrogen 1n the dimers or between neighboring dimers
or hydrogen atoms 1n the each of the channels.

49. The composition of matter of any of claims 32-48,
wherein the solid hydrnide has a structure formed from
compression of a Van der Waals solid.

50. The composition of matter of claim 49, wherein the
Van der Waals solid comprises the hydrogen 1n the form H,,
a 1irst molecule comprising a first hydrogen moiety, and a
second molecule comprising a second hydrogen moiety.

51. The composition of matter of claim 49 or 50, wherein
the solid hydride has a structure formed using molecular
exchange between the first molecule and the second mol-
ecule or between diflerent components of the Van der Waals

solid.

52. The composition of matter of any of claims 32-31,
wherein the solid hydride comprises at least one of methane,
molecular hydrogen, a hydrogen polymer, a multi-valent
hydride, HS, silane, LiH, or other hydrogen-containing
compound derived from a hydrogen precursor.

53. The composition of matter of any of claims 32-52,
wherein the solid hydride comprises a covalent metal

hydride.

54. The composition of matter of any of claims 32-53
wherein the solid hydride comprises a polymer, an organic
compound, or an organically derived compound comprising

the structure of the organic compound wherein carbon 1s
substituted with an element different from carbon.

55. A composition ol matter, comprising:

a superconductor comprising a solid formed from com-
pression of a guest-host structure comprising a host
structure and a guest structure, wherein:

at least one of the host structure or the guest structure
comprises a periodic lattice,

the guest structure includes hydrogen, and
the host structure comprises at least one of:

a stabilizing agent promoting bonding of the hydrogen
to the host structure 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
in the periodic lattice; and

such that the superconductor exhibits superconductivity
or 15 the superconductor at a temperature of at least 100
kelvin and at an ambient pressure below 300 gigapas-
cals.

56. The composition of matter of claim 55, wherein:

the stabilizing agent comprises at least one of C, L1, B, Be,
Mg, Mn, Fe, Sc, N, Se, P, Y, and La,
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the pressurizing agent comprises at least one of S, L1, B,
Be, Mg, Mn, Fe, Sc, Se, P, Y, and La, and

further comprising a hydrogen-containing component
comprising atomic hydrogen, molecular hydrogen, a
hydrogen polymer, or a multi-valent hydride.

57. The composition of matter of claim 356, wherein the

hydrogen-containing component 1s methane, HS, H,S,
Silane, or LiH.

58. The composition of matter of any of claims 56-57,

wherein the stabilizing agent has a coordination number of
at least 6.

59. The composition of matter of any of claims 56-58,
wherein the superconductor 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 prior to a compression of the
constituent elements comprising the stabilizing agent and
the pressurizing agent.

60. The composition of matter of any of claims 56-59,
wherein the solid or the guest-host structure has the formula

(H58)5 (CHy) Ho.

61. The composition of matter of claim 60, wherein the
host structure comprises a hydrogen-hydrogen sulfide struc-
ture where HS or H,S has been substituted for methane.

62. A composition of matter, comprising:

a superconductor comprising a covalent metal hydride
having at least two diflerent chemical elements and
hydrogen atoms or hydrogen dimers, wherein a dis-
tance a, between the hydrogen atoms or the hydrogen
dimers 1s 1n a range of 1.1 angstroms=a, <2 angstroms.
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63. A composition of matter, comprising:

a superconductor comprising a hydride exhibiting super-
conductivity at a temperature of at least 250 kelvin and
formed from a compression of a Van der Waals solid.

64. A composition of matter comprising a superconductor
formed from molecular exchange between a plurality of
molecules disposed 1n a lattice, wherein the superconductor
exhibits superconductivity or 1s the superconductor at a
temperature of at least 250 kelvin.

65. The composition of matter of any of claims 32-64,
wherein the hydride, the solid hydride, or the superconduc-
tor has a hydrogen content that 1s higher compared to a
largest content possible as determined by formal oxidation
states of constituent elements of the hydride, the solid
hydride, or the superconductor at ambient conditions prior to
a compression of the constituent elements.

66. The composition of matter of any of claims 32-65,
wherein the solid hydride includes a first amount of hydro-
gen, a second amount of a material, and the first amount, the
second amount, and the composition of the material are such
that, or are tuned or tailored such that, the solid hydride
comprises a superconductor:

at the temperature of at least 150 kelvin at an ambient
pressure below 180 gigapascals, or

at a temperature of at least 261 kelvin.

67. The composition of matter of any of claims 32-66,
wherein the superconductivity or the superconductor is
characterized by the hydride, the solid hydride, or the
superconductor exhibiting or having zero electrical resis-
tance (no electrical resistance), a critical magnetic field, and
an expulsion of an external magnetic field according a
Meissner etlect.
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