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Abstract

The high critical superconducting temperatures (.s) of metal hydride phases with clathrate-like
hydrogen networks have generated great interest. Herein, we employ the Density Functional
Theory-Chemical Pressure (DFT-CP) method to explain why certain electropositive elements
adopt these structure types, whereas others distort the hydrogenic lattice, thereby decreasing the
T.. The progressive opening of the Hyy polyhedra in MHg phases is shown to arise from inter-
nal pressures exerted by large metal atoms, some of which may favor an even higher hydrogen
content that loosens the metal atom coordination environments. The stability of the LaH;, and
LaBHg phases is tied to stuffing of their shared hydrogen network with either additional hydrogen
or boron atoms. The predictive capabilities of DFT-CP are finally applied to the Y-X-H system to
identify possible ternary additions yielding a superconducting phase stable to low pressures.



Introduction

Many diamonds have been broken and CPU hours have been burned in the search for a conven-
tional room temperature superconductor.'!! Currently, the most promising pathway towards such
a material utilizes chemical precompression,'*' where doping hydrogen by a second element ap-
plies an internal pressure that stabilizes the exotic metallic phase at much lower pressures than
in solid hydrogen. This strategy has borne fruit, with high superconducting critical temperatures,
T.s, reported for H3S (T, = 203 K, 150 GPa),"® LaH;, (T, = 260 K, 200 GPa),'*! YH, (T, =
262 K, 182 GPa),'"! YHg (T, = 224 K, 166 GPa),!”! and in carbonaceous sulfur hydride (7, =
288 K, 270 GPa)!® — all detected at pressures lower than those required to metallize pure hydro-
gen.! Increasing chemical complexity may decrease these pressures even further, hinted at by
the prediction of superconducting LaBHg (7, = 126 K at 50 GPa)!'”! and LaBeH;g (7, = 191 K at
50 GPa)!'!l phases.

Two families of structures account for most high-7,. compounds identified to date: those con-
taining covalent bonds between hydrogen and a main group element,!'?! and those with weakly
covalently bonded hydrogenic frameworks reminiscent of clathrate cages stuffed with electropos-
itive elements. '3!3 Qur focus is on the latter, with a prominent example being the Im3m MHg
hexahydrides, built from a bcc packing of face-sharing M@Hs, polyhedra that each contain six
square and eight hexagonal faces (Figure 1a). Many compounds have been predicted to adopt
this structure under pressure, including those with M=Ca, Mg, and Sc.!'*16-2% Two more ubiqui-
tous structure types — P63 /mmc MHg and F'm3m MH, — are exemplified by YHy ?!! built from
Y @Hyy clusters, and LaH;,!'*??! composed of La@Hs, clusters in an fcc network.

In addition to these highly symmetric archetypes, several structures based on their distortions
have been predicted. MHg compounds that contain larger M atoms (such as Sr'?32%! and Lal!32%)
favor R3m symmetry with M@H,, polyhedra in which opposite hexagonal faces are widened,
resulting in channels wherein helical chains of H atoms comprise the walls (Figure 1(b)). Even
more drastic distortions are predicted to occur in the preferred BaHg phase with Imm?2 symme-
try.[! C2/m CaHy is a distortion of P63/mmc MHy.?®! Finally, complex phase behavior has
been explored in MH;q compounds, with R3m and C2/m structures ?4262°! _ all distortions of
the highly symmetric F'm3m phase — predicted to be stable in different pressure regimes within
the static lattice approximation. Calculations including quantum and anharmonic effects, on the
other hand, smooth the potential energy surface for LaH;o so that F'm3m becomes the ground
state. 30!

A major factor in the structural preferences among the metal clathrate hydrides — hinted at
above — is the importance of a good match between the sizes of the metal atom and the hydro-
genic cluster encapsulating it. Each of the aforementioned distorted geometries can be empir-
ically related to a metal atom that is too large or too small for the coordination environments
in the Im3m, P63/mmc, and Fm3m “parent” crystal lattices. Because these distortions lower
the density of states at the Fermi level, thereby decreasing the 7, it is important to understand
their origin. The Density Functional Theory-Chemical Pressure (DFT-CP) method, *!! which has
been applied successfully to explain the stability and structural distortions in a plethora of com-
plex inorganic materials,*>=* visualizes the internal stresses inherent in crystal structures as a
consequence of steric constraints. It is therefore the ideal technique to analyze how chemical
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Figure 1: The predicted (a) Im3m and (b) R3m symmetry metal hexahydrides. Chemical pres-
sure schemes for (¢c) Im3m CaHg, (d) Im3m SrHg, and (e) R3m SrHg. Negative pressure, or a
local desire for contraction of the coordination environment, is represented by black lobes, and
positive pressure, indicating a local desire for expansion of the coordination environment, is rep-
resented with white lobes. The magnitude of the pressure in a particular direction is indicated by
the distance from the center of the atom to the surface of the lobe along that direction.



substitution affects the structures the superconducting metal hydrides adopt.

Herein, we employ the DFT-CP method to uncover the relationship between the size of the
metal atom and the structure of the hydrogenic lattice, focusing on Im3m versus R3m MHg.
Moreover, we show that the DFT-CP technique can identify the most promising open sites in
known superhydrides, and elements that could be incorporated within them,**! so the hydrides
can be quenched to lower pressures while at the same time retaining their propensity for super-
conductivity. One structure we pinpoint in such a way, YC;Hg, is metastable at 50 GPa where
its 7, is estimated to be ~60 K. Our study demonstrates how to rationally design warm and
light superconductors derived from known binaries without the need of employing first-principles
based crystal structure prediction searches, prohibitively expensive for multicomponent systems
because of their combinatorial complexity.

Results and Discussion

To get a better idea of the internal tensions existing in a compound that is thermodynamically
and dynamically stable under pressure, we focused on I'm3m CaHg, the first metal hexahydride
to be predicted.'®! Figure 1(c) presents its integrated CP scheme, decorated with atom-centered
spherical harmonic functions that represent the magnitude and sign of the chemical pressure ex-
perienced by each atom in various directions. The Ca atoms (red) possess negative pressure
features, which are slightly elongated along the nearest neighbor Ca-Ca contacts, in all direc-
tions. This indicates that a tighter coordination environment around Ca would be preferred. In
addition, negative pressure lobes appear on the hydrogen atoms, reflecting a desire for shorten-
ing the Ca-H distances. These preferences are stymied, however, when we evaluate the situation
within the hydrogen sublattice. Along the H-H contacts, positive pressure features show that
the hydrogen lattice is already too contracted. Further tightening the coordination environment
around the Ca atoms and shortening the Ca-H contacts would force the H atoms into even closer
proximity with one another, exacerbating the already too-small hydrogen lattice. Thus, negative
Ca-H pressures are balanced against positive H-H pressures, with Ca overall being slightly small
for its coordination environment within the Hy4 cage.

Based on the tensions present in the CP scheme of CaHg, we can evaluate the internal stresses
that occur when Ca, with a non-bonded atomic radius of 2.31 A, is replaced by a much larger
atom such as Sr (2.49 A). The CP scheme of the Im3m parent of SrHg (Figure 1(d)), shows a
drastically different situation than found in CaHg. In contrast to the negative pressures decorating
the Ca atoms, the Sr atoms display a near isotropic positive pressure, indicating that Sr is too
large to comfortably fit the Hyy polyhedral cage. On the H sublattice, positive pressure features
are directed towards the Sr atoms, reinforcing the too-tight fit of Sr in the cage. This constrained
environment is maintained due to the presence of negative pressures along the H-H contacts
comprising the edges of the cage, which show an H lattice that is overly stretched in an attempt
to fit the large Sr atom. The CP schemes of Im3m parent models of BaHg and LaHg paint a
very similar picture: positive pressures on the Ba (2.68 A) and La (2.43 A) atoms and along Ba-
H and La-H contacts are balanced against negative H-H pressures in the clathrate cages (Figure
S1). For Sr-, Ba-, and LaHg, the resulting CP schemes are essentially the reverse of the CP



scheme of CaHg — too large versus slightly small metal atoms and an overly stretched, instead of
a compressed hydrogenic lattice. Thus, Sr, Ba, and La would benefit from a looser coordination
environment than the one provided by the [4°6%] Hy, polyhedra with Im3m symmetry.

The R3m structure favored by SrHj relieves the steric tensions present within 7m3m, but how
does it do so? The former can be derived from the latter by elongating four out of the six shortest
metal-metal contacts and slightly deforming the face that bisects them so it is no longer an ideal
hexagon. 23 The resulting distorted Hy, polyhedra no longer maintain equal distances between
the H atoms, instead condensing into helical chains running along the ¢ axis. As illustrated in
Figure 1(b), this structural distortion reflects an opening of the [4°6%] Hy, polyhedra, which can
still be identified, although with larger distances between hydrogens in neighboring helices than
along the helices.

These structural changes lead to a very different CP scheme for R3m SrHg than for the Im3m
parent. In the distorted structure the Sr atoms no longer experience positive CP in each direction.
Instead, they possess positive pressures oriented towards the nearby H atoms in the walls of the
channel and negative pressures along the ¢ axis, which is directed along the shortest Sr-Sr con-
tact. The hydrogen network similarly experiences CP relief upon opening of the Ho4 polyhedra,
as seen in the smaller CP lobes decorating the H atoms. In condensing into helical chains the H-
H distances shorten (1.24 A), alleviating the overly stretched contacts in the parent /m3m phase
(1.51 A). The distances between H atoms in neighboring helical chains have increased (2.02 A),
but at such a large distance their interaction is negligible and CP lobes are no longer observed
along these contacts. Thus, the Im3m — R3m distortion allows the simultaneous contraction
of the too-stretched H network and the opening of the cramped environment surrounding the Sr
atoms, seen in the CP relief on all atoms. In line with its similar CP scheme, some calcula-
tions have suggested that LaHg also adopts R3m symmetry. 1322 One proposed BaHg phase with
Imm?2 symmetry!®! goes even further in fragmenting the hydrogenic network, leaving Hy sub-
units upon greatly enlarging the Ba coordination environment. Deformations of simple structures,
such as the ones described above, have been widely explored as avenues of CP relief.[3>-7!

These distortions significantly affect the 7, of metal polyhydrides. Calculations predict that
the superconductivity in phases with 3D hydrogenic clathrate lattices persists to higher tempera-
tures than in phases with lower-dimensional H networks or with molecular motifs!'¥ (cf. 235 K
at 150 GPa for CaHg ' versus 156 K at 250 GPa for SrHgB®).

A third and final way to relieve the CP in a too-tight or too-loose coordination environment
is by adding or removing atoms to shrink or expand it as needed. This rationale can be used to
explain why Fm3m LaH; is stable and has been synthesized, whereas the hypothetical Im3m
LaHg is not. The coordination environment within F'm3m LaH, is constructed of a Hs, polyhe-
dron with six square and twelve hexagonal faces, [4°6'2]. Another way to view the LaH, lattice
is as a network of vertex-sharing H, tetrahedra and Hg cubes (Figure 2a) that adopt a fluorite-like
packing arrangement with the tetrahedra on the anionic and the cubes on the cationic sites. The
La atoms lie within the octahedral vacancies in the Hg cubes. The addition of hydrogen to the
network allows for shorter H-H distances in LaH;, (1.34 and 1.48 A) as compared to the Im3m
LaHg parent (1.58 A), ameliorating the steric strain of enclosing the large La atom. Accordingly,
the CP scheme (Figure 2a) illustrates that the H-H contacts in LaH;, are largely satisfied. The
most prominent feature in the CP scheme are lobes pointing from the H to the La atoms. The
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Figure 2: Chemical pressure schemes of lanthanum hydrides with F'm3m lattices of vertex-
sharing H, tetrahedra and Hg cubes (insets). In LaH;, (a), the tetrahedra are stuffed with addi-
tional H atoms, leaving some positive H-H pressures within the tetrahedra but optimized pres-
sures along the cube edges. Removing the additional H atoms yields the model “LaHg” phase
(b), where large negative pressures inside the empty tetrahedra indicate the need for additional
atoms to fill out the hydrogenic network that is stretched to accommodate the large La atoms.
In LaBHg (c), the Hg cubes are stuffed with additional boron atoms that display negative pres-
sure, compressing the tetrahedra (seen in the positive pressures within) but achieving very small
residual pressures on the La atoms.

24 nearest neighbor hydrogen (H1) atoms display smaller positive pressures and the eight second
nearest neighbor hydrogens (H2) large negative pressures, hinting that an ideal La-H distance
may be somewhere in between. Along the edges of the cubes and tetrahedra (Figure 2a, inset),
minimal CP features reflect fairly optimized distances within the H1 lattice, with only slight posi-
tive pressures between H1 atoms comprising the tetrahedra and H2 atoms stuffing them. The H-H
distances along the cube edges are 1.48 A, lengthening to 2.19 A along the tetrahedron edges to
accommodate the stuffing atom.

The role of the stuffed hydrogen becomes clear upon examination of a model “LaHg” structure
that is constructed by removing this atom from the LaH; lattice. The most striking features in
this hypothetical structure (Figure 2b) are the large negative pressure lobes directed towards the
empty center of the Hy tetrahedra. As in LaH;, the CPs along the H-H contacts forming the cube
and tetrahedron edges are relatively small and satisfied, but now the lack of a centering atom
within the tetrahedra has left a void within the structure that is highlighted by the strong negative
CP features. In this model, the La atoms display positive pressure, indicating that the hydrogenic
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lattice contracts to relieve the void space left by the lack of stuffing atoms, leaving a too tight
coordination environment for La. Although a phase with LaHg stoichiometry has been predicted
at 150 GPa,*?! it has a relatively low C'2/m symmetry and a La coordination environment that
mixes the clathrate-like cages of Im3m LaHg and F'm3m LaH;y. Thus, the presence of the
additional H atoms in the LaH;y network is needed to stabilize the expanded scaffolding around
the La atom.

Rather than stuffing the H, tetrahedra in “LaHg” with hydrogen, another way to stabilize the
hydrogenic framework is to expand the Hg cubes, thereby compressing the tetrahedra they share
vertices with — as exemplified by the recently proposed ternary LaBHg phase (Figure 2c).!"% In
this phase a boron atom is placed inside each Hg cube and the tetrahedra are empty, resulting in an
expansion (shrinking) of the HI-H1 contact along the cube (tetrahedral) edges to 1.71 A (1.86 A).
In fact, this leaves positive pressures along the edges of the tetrahedra, showing that expansion of
the Hg cubes upon boron incorporation has slightly overcompressed the void space within them.
The CP features on the La atoms are very small, indicating that the coordination environment
supported by boron inclusion is of appropriate size. The most prominent features in this CP map,
therefore, are the negative lobes decorating the B atoms. Negative CP has previously been corre-
lated with soft atomic motions,*! with cases where an atom bears negative CP in all directions,
such as those seen here, as a possible indicator of a rattling atom.*" In fact, it has been pointed
out that such a dispersionless rattling mode of the boron atoms within their Hg cubes is evident
in the phonon band structure of LaBHjg, as described in Ref. "]

Thus, the hydrogenic network of vertex-sharing cubes and tetrahedra can be stabilized to in-
corporate La atoms by stuffing either set of holes. The placement of boron atoms within the cubes
or hydrogen atoms within the tetrahedra achieves a successful scaffolding, but other elements of
different sizes may be more appropriate for other systems. On its own, the cube-and-tetrahedron
network is too small to contain La atoms without becoming overly stretched — as seen in the CP
scheme of the “LaHg” model in Figure 2b — but stable MHg phases with this symmetry have
recently been predicted for several of the smaller rare earth elements including Nd, Ho, Er, and
Tm. !

Despite numerous attempts F'm3m YHy, predicted to be superconducting at room temper-
ature,!'3! has yet to be synthesized. Could the CP method provide clues on the elusiveness of
this phase, and suggest appropriate doping strategies to stabilize it to low pressures? Because
of its smaller radius, the CP map of F'm3m YH;, (Figure 3a) differs markedly from that of
LaH;,. Notably, the Y atom is surrounded by negative CP, indicating that it is too small for its
coordination environment, whereas most of the H-H contacts are too short, displaying positive
CPs. The most compressed H-H contacts are those comprising the Hg cubes, as well as those
between the H atoms forming the tetrahedra and those stuffed within them. Negative pressure
features on the H atoms are solely directed towards the Y atoms, thus showing that the overall
tension lies between a cramped H cage being pulled in by a too-small Y atom at its center. The
different stresses inherent in the La- and Y-based MH;, hydrides suggest a mixture of La and Y
may stabilize the framework, as demonstrated by a ternary (La,Y)H;o phase, which was detected
alongside the substituted (La,Y)Hg Im3m structure. 4?!

As with the La phases, we can remove the H2 atoms at the center of the tetrahedra to create an
Fm3m “YHg” model structure (which differs from the predicted metastable C'c YHg phase!??!)
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Figure 3: Chemical pressure schemes of yttrium hydrides with F'm3m symmetry based on a
hydrogenic lattice of vertex-sharing tetrahedra and cubes (insets). In YH;( (a) the tetrahedra are
each stuffed with an additional H atom. The Y atoms display negative pressure, combined with
strong positive H-H pressures that indicate a too-large coordination environment for the Y, which
forces the hydrogenic lattice into an overly-contracted configuration. Removing the H atoms from
the tetrahedra yields the model “YHg” structure (b) that retains the negative pressure on Y and
positive pressures between H atoms. A proposed structure, YCoHg (c¢) has carbon atoms stuffed
into the tetrahedra and leaves the cubes empty.



whose CP map may reveal where to place additional atoms to stabilize the Y-H framework. Fig-
ure 3(b) shows that the Y atoms remain surrounded by negative pressures, mismatched with an
H coordination environment that is still too large. Among the H atoms, positive pressures lie
along the H-H contacts, with the largest being directed towards the center of the tetrahedra. This
leads to an interesting situation — expanding the size of the Hg cubes through the addition of a
stuffing element such as B may only contract the tetrahedra even further, exacerbating the posi-
tive pressures already present in that space. Moreover, if, analogous to what was found for the
lanthanum analogue, stuffing a B atom into YHg leads to an even larger negative pressure around
the metal atom as compared to within YH;, this would further destabilize the structure. In agree-
ment with these qualitative arguments, we found that a YBHg phase isotypic with LaBHg was not
dynamically stable in the pressure range of 0-200 GPa.

Since carbon has a radius that is smaller than boron we postulated that it could be used to
stabilize the hydrogenic network instead. In the resulting F'm3m TC,Hjg phase (Figure 3(c)) the
carbon atoms stuff the tetrahedral vacancies, resulting in methane molecules with strong C-H
bonds, as confirmed by a plot of the ELF (Fig. S20), spread throughout an fcc yttrium lattice.
One important consequence of the presence of the C-H bond can be seen by comparing the H-H
distances along the H, tetrahedral edges. Because hydrogen atoms fill the tetrahedra in YHy,
this contact measures 2.11 A, shrinking to 2.00 A after their removal in YHg. Upon insertion of
carbon into the tetrahedra the H-H distance decreases further to 1.88 A. Typically, it would be
expected that stuffing an atom into a cluster would cause it to expand, but in this case it shrinks
due to the formation of covalent C-H bonds within the methane molecule. The shrinking of the
tetrahedra relieves some of the tension in the Hg cubes with which they share vertices, thereby
stabilizing the phase. Our results highlight that the choice of the appropriate dopant atom required
to stabilize a particular environment depends both upon steric factors, and the potential for the
formation of covalent bonds that might shorten selected contacts. In the resulting CP scheme
of YC,Hg, the C-H contacts within the methane-like fragments are nearly optimized, with the
C mainly displaying negative pressure towards the Y atoms. Negative CP lobes also decorate
the Y-H contacts, reflecting Y encapsulation in a slightly-too-large environment, also seen in the
YH;, and “YHg” schemes. A similar tactic of heteroatom substitution into the tetrahedral spaces
in the hydrogen lattice is employed in the proposed LaC,Hg!**! and KB,Hg!*! phases, whose T.s
are predicted to be 69 K at 70 GPa and 146 K at 12 GPa, respectively.

YC3Hg is dynamically stable to pressures as low as 50 GPa (Fig. S21), and it is metallic,
with an appreciable density of states at the Fermi level, suggesting it may be superconducting.
Calculations revealed a sizeable electron phonon coupling parameter, A=3.3, in which a majority
of the contributions were from the three acoustic phonon modes associated primarily with motions
of the Y atoms, and CH, fragments moving mainly as single units, with a particularly sizeable
contribution along the K-I" path (Fig. S21). Combined with an average logarithmic frequency of
wiog=132 K, this yields a 7. of 25 K (24 K) as estimated by the Allen-Dynes modified McMillan
equation using a Coulomb pseudopotential, p*, with a typical value of 0.1 (0.13). Due to the
especially strong electron-phonon coupling, the 7. was also estimated via numerical solution of
the Eliashberg equations, yielding values of 61 K (54 K) for 1*=0.1 (0.13).

To balance the simultaneous requirement of high 7. coupled with low pressure required for
a technologically useful material, a superconducting figure of merit, S, has been proposed.*! In



this scale the highest 7. conventional superconductor at 1 atm that is known, MgB,, possesses
S(MgB-) = 1, and a perfect value of 10 would be associated with a material whose 7. = 390 K at
ambient pressure. On this scale S(YCyHg) = 0.96, similar to MgB; and reflective of the moderate
increase in 7, being matched by a moderate increase in pressure. In comparison S(YH;o) = 1.29,
and no ternary hydrides derived from F'm3m YH;, with a higher S have been proposed to date.
Assessing the thermodynamic stability of YCyHg as a function of pressure and temperature would
require first-principles based crystal structure prediction searches in the Y-C-H ternary phase di-
agram, followed by free energy calculations on the most promising phases. This computationally
demanding protocol is past the scope of the current study, and it is currently not possible to carry
out such a procedure for every potential ternary combination. Instead, we propose that the CP-
based technique illustrated here can first be employed to rationally design ternary compounds
that are likely to superconduct at high temperatures followed by more extensive explorations of
potential synthetic pathways.

Conclusion

Ever since the superhydride superconductors have been predicted, and some have been synthe-
sized, many questions, whose answers would facilitate the discovery of more complex hydride
based superconductors, remained unanswered. Perhaps the most pressing are: “Why do certain
metal atoms favor the formation of the hydrogenic clathrate cages key for the high superconduct-
ing critical temperatures (7,.s)?”, and “Can we rationally alter the superhydrides to design high-7
materials stable at low pressures?” Herein, the DFT-Chemical Pressure (CP) method is used to
answer both of these questions. First, we showed how the size of the electropositive metal atom is
linked to the structure the hydrogen lattice adopts, focusing on the ubiquitous MHg stoichiometry.
Our detailed analysis explains why the high-symmetry Im3m structure with record-breaking 7,
values is stable when the hydrogen clathrate cage encapsulates Mg, Ca or Sc atoms, but not Sr,
Ba or La. Next, we demonstrated how the DFT-CP method can be used to identify void spaces
within the hydrogenic framework where the addition of a stuffing atom decreases the internal
strains within the structure. Now that near room temperature superconductivity has been mea-
sured, the immediate goal is to find materials that can maintain high 7, to ambient pressures. ¢!
Because the prospect of thoroughly searching the phase diagram of every possible ternary com-
position is untenable, techniques to rationally design promising systems, like the CP method, are
urgently required. The LaH;o/LaBHg and YH;o/YCy;Hg families are two examples, in which a
third element — B, C, or additional H — serves as a stuffing atom in void spaces that can be iden-
tified by the CP method, left by the hydrogenic network. The proposed YCyHg phase represents
an example of this CP-driven materials design for low pressure, high temperature metal hydride
superconductors, which will be applied to uncover further exemplary materials in future studies.

10



Acknowledgments

K.H. is thankful to the U.S. Department of Energy, National Nuclear Security Administration,
through the Capital-DOE Alliance Center under Cooperative Agreement DE-NA0003975 for fi-
nancial support. We acknowledge the NSF (DMR-1827815) for financial support. Calculations
were performed at the Center for Computational Research at SUNY Buffalo
(http://hdl.handle.net/10477/79221).

References

[1] K. P. Hilleke, E. Zurek, J. Appl. Phys. 2022, 131, 070901.
[2] N. W. Ashcroft, Phys. Rev. Lett. 2004, 92, 187002.

[3] A.P. Drozdov, M. 1. Eremets, I. A. Troyan, V. Ksenofontov, S. I. Shylin, Nature 20185, 525,
73-76.

[4] M. Somayazulu, M. Ahart, A. K. Mishra, Z. M. Geballe, M. Baldini, Y. Meng, V. Struzhkin,
R. J. Hemley, Phys. Rev. Lett. 2019, 122, 027001.

[5] A. Drozdov, P. Kong, V. Minkov, S. Besedin, M. Kuzovnikov, S. Mozaffari, L. Balicas,
F. Balakirev, D. Graf, V. Prakapenka, E. Greenberg, D. Knyazev, M. Tkacz, M. Eremets,
Nature 2019, 569, 528-531.

[6] E. Snider, N. Dasenbrock-Gammon, R. McBride, X. Wang, N. Meyers, K. V. Lawler,
E. Zurek, A. Salamat, R. P. Dias, Phys. Rev. Lett. 2021, 126, 117003.

[7] I. A. Troyan, D. V. Semenok, A. G. Kvashnin, A. V. Sadakov, O. A. Sobolevskiy, V. M.
Pudalov, A. G. Ivanova, V. B. Prakapenka, E. Greenberg, A. G. Gavriliuk, 1. S. Lyubutin,
V. V. Struzhkin, A. Bergara, 1. Errea, R. Bianco, M. Calandra, F. Mauri, L. Monacelli,
R. Akashi, A. R. Oganov, Adv. Mater. 2021, 33, 2006832.

[8] E. Snider, N. Dasenbrock-Gammon, R. McBride, M. Debessai, H. Vindana, K. Ven-
catasamy, K. V. Lawler, A. Salamat, R. P. Dias, Nature 2020, 586, 373-377.

[9] L. Monacelli, I. Errea, M. Calandra, F. Mauri, Nat. Phys. 2021, 17, 63—-67.
[10] S. Di Cataldo, C. Heil, W. von der Linden, L. Boeri, Phys. Rev. B 2021, 104, 1.020511.

[11] Z. Zhang, T. Cui, M. J. Hutcheon, A. M. Shipley, H. Song, M. Du, V. Z. Kresin, D. Duan,
C. J. Pickard, Y. Yao, Design Principles for High Temperature Superconductors with
Hydrogen-based Alloy Backbone at Moderate Pressure, 2022.

[12] Y. Yao, J. S. Tse, Chem. Eur. J 2018, 24, 1769-1778.

[13] F. Peng, Y. Sun, C. J. Pickard, R. J. Needs, Q. Wu, Y. Ma, Phys. Rev. Lett. 2017, 119,
107001.

11



[14] E. Zurek, T. Bi, J. Chem. Phys. 2019, 150, 050901.
[15] A. Shamp, E. Zurek, Nov. Supercond. Mater. 2017, 3, 14-22.

[16] H. Wang, J. S. Tse, K. Tanaka, T. litaka, Y. Ma, Proc. Natl. Acad. Sci. U.S.A. 2012, 109,
6463-6466.

[17] X. Feng, J. Zhang, G. Gao, H. Liu, H. Wang, RSC Adv. 2015, 5, 59292-59296.
[18] K. Abe, Phys. Rev. B 2017, 96, 144108.

[19] X. Ye, N. Zarifi, E. Zurek, R. Hoffmann, N. W. Ashcroft, J. Phys. Chem. C 2018, 122,
6298-63009.

[20] S. Qian, X. Sheng, X. Yan, Y. Chen, B. Song, Phys. Rev. B 2017, 96, 094513.

[21] B. Li, Z. Miao, L. Ti, S. Liu, J. Chen, Z. Shi, E. Gregoryanz, J. Appl. Phys. 2019, 126,
235901.

[22] H. Liu, I. I. Naumov, R. Hoffmann, N. W. Ashcroft, R. J. Hemley, Proc. Natl. Acad. Sci.
U.S.A. 2017, 114, 6990-6995.

[23] J. Hooper, T. Terpstra, A. Shamp, E. Zurek, J. Phys. Chem. C 2014, 118, 6433-6447.

[24] Y. Wang, H. Wang, J. S. Tse, T. litaka, Y. Ma, Phys. Chem. Chem. Phys. 2015, 17, 19379-
19385.

[25] J. Hooper, B. Altintas, A. Shamp, E. Zurek, J. Phys. Chem. C 2013, 117, 2982-2992.

[26] Z. Shao, D. Duan, Y. Ma, H. Yu, H. Song, H. Xie, D. Li, F. Tian, B. Liu, T. Cui, Inorg.
Chem. 2019, 58, 2558-2564.

[27] H. Liu, L. I. Naumov, Z. M. Geballe, M. Somayazulu, J. S. Tse, R. J. Hemley, Phys. Rev. B
2018, 98, 100102(R).

[28] D. V. Semenok, A. G. Kvashnin, I. A. Kruglov, A. R. Oganov, J. Phys. Chem. Lett. 2018, 9,
1920-1926.

[29] Z. M. Geballe, H. Liu, A. K. Mishra, M. Ahart, M. Somayazulu, Y. Meng, M. Baldini, R. J.
Hemley, Angew. Chem. Int. Ed. 2018, 57, 688—692.

[30] I. Errea, F. Belli, L. Monacelli, A. Sanna, T. Koretsune, T. Tadano, R. Bianco, M. Calandra,
R. Arita, F. Mauri, J. A. Flores-Livas, Nature 2020, 578, 66—69.

[31] D. C. Fredrickson, J. Am. Chem. Soc. 2012, 134, 5991-5999.

[32] K.P. Hilleke, R. T. Fredrickson, A. I. Vinokur, D. C. Fredrickson, Cryst. Growth. Des. 2017,
17,1610-1619.

[33] A. Lobato, H. H. Osman, M. A. Salvado, A. Pertierra, P.and Vegas, V. G. Baonza, J. M.
Recio, Inorg. Chem. 2020, 59, 5281-5291.

12



[34] X. Cui, K. P. Hilleke, X. Wang, M. Lu, M. Zhang, E. Zurek, W. Li, D. Zhang, Y. Yan, T. Bi,
J. Phys. Chem. C 2020, 124, 14826—-14831.

[35] V. M. Berns, D. C. Fredrickson, Inorg. Chem. 2014, 53, 10762-10771.

[36] J. Engelkemier, V. M. Berns, D. C. Fredrickson, J. Chem. Theory Comput. 2013, 9, 3170-
3180.

[37] K. P. Hilleke, D. C. Fredrickson, J. Phys. Chem. A 2018, 122, 8412-8426.

[38] T.Bi, N. Zarifi, T. Terpstra, E. Zurek in Reference Module in Chemistry, Molecular Sciences
and Chemical Engineering, Elsevier, 2019.

[39] J. Engelkemier, D. C. Fredrickson, Chem. Mater. 2016, 28, 3171-3183.
[40] Y. Guo, D. C. Fredrickson, Inorg. Chem. 2016, 55, 10397-10405.
[41] W. Sun, X. Kuang, H. Keen, C. Lu, A. Hermann, Phys. Rev. B 2020, 102, 144524.

[42] D. V. Semenok, I. A. Troyan, A. G. Ivanova, A. G. Kvashnin, I. A. Kruglov, M. Hanfland,
A. V. Sadakov, O. A. Sobolevskiy, K. S. Pervakov, I. S. Lyubutin, K. V. Glazyrin, N. Gior-
dano, D. N. Karimov, A. L. Vasiliev, R. Akashi, V. M. Pudalov, A. R. Oganov, Mater. Today
2021, 48, 18-28.

[43] A.P. Durajski, R. Szczgs$niak, Phys. Chem. Chem. Phys. 2021, 23, 25070-25074.
[44] M. Gao, X.-Y. Yan, Z.-Y. Lu, T. Xiang, Phys. Rev. B 2021, 104, L100504.
[45] C.J. Pickard, I. Errea, M. 1. Eremets, Annu. Rev. Condens. Matter Phys. 2020, 11, 57-76.

[46] W. Pickett, M. Eremets, C. Heil, R. Hemley, C. Pierleoni, R. Dias, M. Amsler, Y. Ma,
A. Kolmogorov, A. Oganov, C. J. Pickard, T. Bi, H. Gross, 1. Errea, R. Arita, R. Margine,
R. Gonnelli, R. Valenti, S. Xie, L. Boeri, P. Hirschfeld, R. Hennig, G. Profeta, A. Sanna,
E. Zurek, J. Phys. Condens. Mat. 2022, 34, 183002.

13



Keywords: density functional calculations, electronic structure, high-pressure chemistry, hy-
drides, superconductors

Table of Contents Graphic:

DFT-Chemical Pressure drives...

3

Stuffing
atoms

I

Table of Contents Text:

The DFT-Chemical Pressure method is employed to understand the role of atomic size effects
in superconducting clathrate-like metal hydrides, from lattice distortions induced by large metal
atoms to the stabilizing role of stuffing atoms.

14



