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Doping represents one of the most promising avenues for optimizing superconductors, such as high-pressure
conventional superconductors with record-breaking critical temperatures. In this work, we perform an extensive
search for substitutional dopants in LaH ¢, looking for elements that enhance its electronic structure. In total, 70
elements were investigated as possible substitutions of La-sites at doping ratio of 12.5% under high pressure. To
accelerate the screening of the ternary phases, our protocol to scan the chemical space is 1) to be constrained
to highly symmetric patterns of hydrogen atoms, 2) focusing on phases with compact basis of lanthanum atoms
(minimize enthalpy) and 3) to choose candidate dopants that preserve the van Hove singularity around the Fermi
level. We found Ca as the best candidate dopants, which shift the van Hove singularity and increase the electronic
DOS at the Fermi level. By using harmonic-level phonon calculations and performing first-principles calculation
of T;, Ca-doped LaH,o shows T which is 15% higher than the one of LaH,,. It provides a promising route to

reach room-temperature superconductivity in pressurized hydrides by doping.
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I. INTRODUCTION

With the advent of hydrides as high-temperature super-
conductors, a particular emphasis has been put on studying
pressurized hydrides systematically aided by computational
methods. Using first-principles calculations, many efforts
have been made to search for materials with higher transition
temperatures and lower pressures [1-5]. With cooperations
of theoretical prediction and experimental confirmation, pres-
surized hydrides led us to many important landmarks in
superconductivity [1].

In general, high-pressure hydride superconductors can be
classified to two classes structurally and chemically [1]. The
first class includes H3S [6,7] and PH;3 [8,9], in which cova-
lent bond is predominantly present between hydrogen atom
and sulfur or phosphorus atom. This covalent class of hy-
drides have a characteristic of relative low hydrogen ratio
in their stoichiometries. This low hydrogen ratio is due to
the bond saturation, with a reasonable maximum value of
Hs. The second class is a more complex case featuring a
strong covalent interaction between H, units. In this case
hydrogen atoms form a network or clathrate, while the guest
metal atom interacts with hydrogen in the range somewhere
between ionic/covalent bond. Clathrate hydrides are a niche
of hydride superconductors, and have a common denominator
of high ratios of hydrogen, usually above H¢. The theoreti-
cal predictions of these superhydrides have been successfully
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confirmed by experiments, among which notable reported
cases are LaH ¢ [10,11], YHg [12,13], YHo [13,14], and most
recently an interesting case of CaHg [15,16].

In 2020, it was reported that carbonaceous sulfur hydride
(CSH) was found to be a room-temperature superconduc-
tor (RTS) with a record-breaking transition temperature of
+15°C at 267 GPa [17,18]. Remarkably, the precise chemical
composition and the crystalline form responsible for the RTS
remain so far unclear. Theoretical studies have been carried
out using different approximations and schemes [19-23], try-
ing to figure out the atomic configuration responsible for
the RTS. Considering the elements involved (C, S and H),
we believe the recently reported CSH superconductor prob-
ably belongs to the covalent class. The discovery of CSH
superconductor provides new sight for pressurized hydrides,
however, further experimental evidence and confirmation are
desperately required.

It is well understood that by introducing sufficient electron-
or hole-donating impurities, semiconducting systems can be
transformed into metallic phases. This strategy has been
successfully demonstrated by inducing superconductivity in
several semiconductors [24]. For instance, doped carbon
allotropes are predicted to be superconductors at zero pres-
sure [25-27]. Recent studies also point out the importance
of hydrogenic bands to enhance 7; in known superconduc-
tors such as MgB, [28]. Similarly, the idea of doping under
pressure has been used to predict that hydride clathrates
systems such as HyO [29] and polyethylene [30] will trans-
form to metallic phases and display BCS superconductivity.
Other studies focusing on hydrides also include the ternary
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C-S-H phase (guest-host CH4 + H3S structure) [31,32] and
doping in H3S [20,33-35], revealing the potential to increase
T. of the parental phase H3S. In addition, there have been
predictions that some ternaries such as the electron-doped
Li,MgH ¢ [36,37] may show a T well above 300 K, though
these systems may be elusive to synthesis [38] because of their
complicated stoichiometry, pressure (> 2.5 Mbar), or other
factors of stability.

Remarkably, doping has a potential to enhance 7; of hy-
dride superconductors. From a theoretical perspective and a
practical view, clathrate systems are the most promising ones
for studying doping in hydride superconductors. The high
hydrogen ratios ensure high 7; naively, and these systems have
been proven to be thermodynamically stable down to pressure
of 120 GPa. Compared to the covalent class, clathrate hydrides
usually have high T; above 240 K [10,11,39] under pressure as
low as 150 GPa. This is a notable pressure difference of more
than 110 GPa, compared to the pressure necessary to reach the
room-temperature superconductivity at 267 GPa. Therefore,
clatherate hydride systems are better candidates for us to study
doping effect and find a route to higher Tt..

However, even for a modest ternary system, the computa-
tional overhead to pay for a thorough description of the phase
diagram remains elevated. Here, we propose an alternative
approach to accelerate the screening of ternary phases which
is focusing only on the elements that can dope LaH,o under
specific conditions. Based on the conclusions in Refs. [1,39],
we propose following series of observations as a recipe guide
or direction to screen for the best dopants in LaH,: To maxi-
mize T in hydrides or other light-mass superconductors under
pressure,

(1) It is best to have highly symmetric patterns of hydro-
gen configurations for hydride superconductors.

(2) A compact (dense) basis of lanthanum atoms (or guest
atoms) that minimize the enthalpy is favorable.

(3) The electronic density of state should ideally display a
van Hove singularity (VHS) at or close to the Fermi level.

(4) The heat of formation of the solid or the liquid metal
alloy for the guest atoms should be favourable, i.e. the sought
dopant atom should be miscible in the guest matrix, i.e.,
dopant atom X should be miscible to La, in the case of LaH .

In this work, we show that it is possible to enhance the
electronic properties of LaH ;¢ and induce a sizable change in
the electronic occupation at the Fermi level while the elec-
tronic singularity is preserved. Using the computational and
methodology presented in Sec. II, we will show the results on
the structure stability of doped phases, electronic properties
for best candidates, and the superconducting 7; for one of the
candidates Ca-doped LaH .

II. COMPUTATIONAL DETAILS AND METHODOLOGY

Finding the best element that holds some of the above
criteria can be accessed using first-principles calculations. To
model doping we use supercells of the fcc (Fm3m) of LaH g
at 150 GPa and substituted atoms in La sites. Originally, three
doping-substitution percentages of 12.5%, 3.70% and 1.56%
are studied. Considering the large computational cost of T
calculation on supercells with low doping ratios and the trivial
results of electronic DOS for 3.70% and 1.56% cases, we

only show the results of a thorough examination focusing on
12.5% doping ratio in this work, and we attach the results of
structure studies and electronic structures for doping ratio of
3.70% and 1.56% to this work as Appendix A. The 12.5%
doped case was simulated on the 2 x 2 x 2 supercell with §
formula units (f.u.) of LaH;( consisting of 88 atoms. Inde-
pendent of chemical and logical reasons of substitutability,
a total of 70 elements were tested (omitting 13 lanthanides,
except for Lu). Total energy, enthalpy, atomic forces, and
stresses are evaluated at the density functional theory (DFT)
level with the Perdew-Burke-Ernzerhof Generalized Gradi-
ent Approximation (GGA-PBE) [40] parametrization to the
exchange-correlation functional. We use a plane wave basis-
set with the cutoff energy of 650 eV and the projector
augmented wave (PAW) method [41] implemented in the Vi-
enna Ab Initio Simulation Package (VASP) [42-45]. We use
pseudopotential files POTCAR prepared for high pressure or
with the highest number of valence electrons systematically
for all elements. We used a tight criteria as atomic forces are
less than two meV/A and stresses are less than 0.01eV /A3
to control the convergence of our calculations. The electronic
density of states (DOS) was integrated using the tetrahedron
method for a single formula unit cell of LaH;y with 11 atom:s,
and a I"-44 x 44 x 44 k-mesh (2,168 points in the irreducible
part of the Brillouin zone (BZ)). For supercell calculations,
we choose the Methfessel-Paxton sampling method [46] with
dense 24 x 24 x 24 k-meshes (I"-centered, 413 points in the
irreducible BZ) for supercell with 88 atoms.

Figure 1 shows the procedure applied to tackle the prob-
lem [1,47]. All the calculations of relaxation are performed
at pressure of 150 GPa. A two-level geometry relaxation was
carried out for the doped cases: the first one involved only
volume optimization with fixed La atom basis, and the second
one was studied with breaking symmetry of the doped La site.
Different local relaxations were carried out per element per
cell and calculations were accelerated using the GPU ported
version of VASP [48]. In our calculations we find a posi-
tive correlation between the symmetry preserved in hydrogen
cages and high DOS at the Fermi level. The occurrence of
phase separation, broken H-cages or symmetrization from off-
symmetry in relaxation results is relevant to predict whether
electronic characteristics of candidates is trivial or not. There-
fore, when phase separation to H,, LaH, and XH, products
occurs in the simulation, the DOS calculation will be skipped.
However, if the geometry relaxation shows that the symmetry
of H-cages is preserved and a high DOS at the Fermi level is
observed in the calculation, the system will be accepted as a
candidate and will be inspected for further studies.

To calculate 7; for candidate doped cases, we use the
McMillan-Allen-Dynes (MAD) formula [49,50] as well as
schemes based on the Migdal-Eliashberg (ME) theory [51,52].
The MAD formula is written as

T, = 22 exp[ )

—1.04(1 4+ 1)
1.2 ’

A — (1 +0.621)

with the electron-phonon coupling strength A, the average
phonon frequency wioe, and the renormalized Coulomb pa-
rameter p*. The Migdal-Eliashberg calculation is done by
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FIG. 1. Steps implemented in our computational study to search
for suitable doping substitutions in LaH;( under pressure.
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solving the linearized gap equation as

T
Am(ka lwn) = - ]7k Z Z ICmm’(k _k/v la)n - lwn’)

m' K iw,

X |G (K, iy ) Ay (K, i), 2)

with the superconducting gap A, interaction kernel C, and
the dressed electronic Green’s function G. Here k and k'
denote the momentum of two pairing electronic states with
band index m and m'. The Matsubara frequencies are written
as w, = (2n+ 1)T for fermions and w, = 2v with integers
n, v, temperature T, and Nj is the total number of k points
in the reciprocal space. The interaction kernel consists of
contributions from the electron-phonon interaction and the
RPA-type screened Coulomb interaction with static approx-
imation. Details of the Green’s functions and construction
of interaction kernels can be found in Appendix B. This
Migda-Eliashberg scheme and the approximations employed
has been successfully used in other systems with conventional
superconductivity [53,54]. We perform the DFT calculations
and then the density functional perturbation theory (DFPT)
calculations using QUANTUM ESPRESSO [55]. The parameter
settings and pseudopotentials for the DFT calculation are the
same as the ones used in the structure relaxations. Following
the DFT calculations, the results of electronic energy spec-
trum, phonon frequency and the electron-phonon interaction

matrix element are used to perform the Migdal-Eliashberg
calculation.

III. RESULTS AND DISCUSSIONS

A. Crystal structure and stability

In Fig. 2 we show a periodic tables containing elements
considered as substitutions in La-matrix, and structures after
relaxations of typical elements. Elements coloured in dark
grey were not considered in this study due to their reduced
availability or complex chemistry. Most of the elements with
4f valence electron were excluded except for lutetium. In-
terestingly, with doping ratio of 12.5%, only three elements
(coloured in red) match ideally to the H-cages and leave them
intact, thus a high symmetric pattern is preserved. All the 15
elements coloured in yellow induce distortions of H-cages.
For comparison, these are sizable distortions as the ones in
LaH;o (monoclinic C2 phase in Ref. [39]) but preserve a
guest-host clathrate chemistry. The 35 elements colored in
light-blue and 17 dark-blue elements play in favour of phase
separations. At the doping level of 12.5%, the analysis based
on bonding, X-ray diffraction patterns and nearest-neighbours
elucidate two levels of phase separation: the first one favours
LaH, 4+ XH, and the second one is a ternary phase separa-
tion of LaH, + XH, and H; units detached. We note that
the methodology for classifying results includes both visual
inspection on the X-ray diffraction patterns and examination
on atomic distances given by the geometry relaxation results.
The criteria used for the classification is strict, and lead us
to the results that only He, Ca and Hf leave the structure
unchanged and symmetry of H-cage preserved. In Fig. 3 we
show the optimized volume for the doping ratio of 12.5%,
as supplementary information to the our geometry relaxation
calculation.

We have also explored a higher doping ratio of 25% for
the entire set of elements. However, we noticed that the chem-
istry of the LaH( system change enormously at this doping
ratio. Indeed, for many elements, new crystalline structures
are found after a thorough geometry optimization. At higher
doping of 25%, i.e. one atom substituted per four La atoms,
enthalpy plays in favour of other more stable structures, mak-
ing the study of the 25% doping ratio widely deviate from
our initial assumptions. In order to warrant meaningful re-
sults at such a large percentage, it would be necessary to
calculate the formation enthalpy, which will be cumbersome
and computationally intractable with such vast decomposition
channels. Based on the structural patterns and results from the
high-throughput, we claim that our results are valid for small
doping percentage, approximately below 12.5%, where the
enthalpy of parental phase dominates. For 12.5% ratio only
3 elements preserve the high symmetry. In the following part
we will examine the electronic features and prospects for the
ensemble of these dopants.

B. Enhanced electronic DOS upon doping

Ideally, from the perspective of electronic structures, one
should look for a dopant that increases the density of states at
the Fermi level. In Fig. 4, we present the DOS of top doped
cases found using the methodology described in Sec. II. At
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Lanthanides
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Highly symmetric patterns

Distorted H-cages

Phase separation: LaH, + XH,

Phase separation: LaH, + XH, + H,

FIG. 2. Geometry relaxation results of LaH,o doped by different elements with doping ratio of 12.5% at 150 GPa pressure, and color code
gives the behavior for different elements. (a) The periodic table with elements classfied to four types of relaxation results. Dashed-squares
are elements for which DOS is plotted in Fig. 4. Elements coloured in dark grey were not considered in this study. (b) Typical elements with
corresponding structural patterns after relaxations for four cases. At the doping ratio of 12.5%, most of the elements destabilized the symmetric

pattern, and only 3 elements preserve the high symmetry.

12.5% doping ratio, the most compelling cases are shown with
solid lines (Ca, Hf and He) and the DOS of LaH,, is also
shown as a reference. Overall, the shape of DOS is preserved
in these cases. The Hf-doped case shifts the VHS to lower
energies, and the Ca-doped case shows an interestingly result
of bringing the VHS closer to the Fermi level.

Recently, Akashi [56] proposed a mechanism to explain
the peaking of the DOS in a three-dimensional crystal and
contrasted it for H3S, which helps us to understand the for-
mation of the VHS singularity in H3S and LaH;y. At the
pressure considered in this study (150 GPa), most of the doped
elements greatly affect the electronic singularity. As is found
in H3S and LaH o [39], the pressure dependence of the VHS is
negligible. The stability of the VHS lies within a broad range.
In the case of H3S this range is from 120 GPa to 240 GPa. For

LaH, the VHS appears around 110 GPa and extends beyond
300 GPa. These evidence hydrides’ unique electronic features
at high pressure.

It is clear that the crystalline structure of LaH;y and its
electronic features [57] are pretty unique, and there is very
little margin to improve it via doping. As is seen from Fig. 2,
we can rule out following elements of Pt, Ga, Au, B, N, and
C, which is contradictory to a recent work of a higher-order
hydride suggested by Grockowiak et al. [58]. From our theo-
retical studies, these elements are highly reactive, not forming
an ordered structure nor enhancing the DOS of LaH,, at least
in the doping ratio and pressure range studied in this work.

Furthermore, our results are in line with recent evidence
found by Yi et al. [59], highlighting the importance of La
atoms’ metal framework for the excess electrons at interstitial
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FIG. 3. Optimized volume for 12.5% doping ratio with different
atoms at 150 GPa. Volume is optimized without breaking symmetry,
thus the highly symmetric H-cages are preserved. Volume has been
scaled to a single formula unit for comparison. Representative ele-
ments are marked as a guide, for which the DOS of these cases are
plotted in Fig. 4. Red line represents the volume of the undoped case.

regions. Remarkably, the charge transfer from La to H atoms
is mainly driven by the La framework’s electride property.
The interaction between La atoms and H cages induces the
delocalization of La-5p semi-core states to hybridize with
H-1s orbital. Thus, the bonding nature between La atoms and
H cages is characterized as a mixture of ionic and covalent
bond. Based on our results, we hypothesize that hydrides,
when successfully synthesized at high pressure, are indeed
very special and most of them will form quasi-perfect crystals.
In the top panel of Fig. 5, we confirm that in LaH,y even
a vacancy at a low concentration (one La atom missing for
every 2 x 2 x 2 supercell) will damages the VHS. This is in
line with recent claims by Minkov ef al. [60] for the case
of D3S, which shows a range of different 7; for different
annealing paths [60]. Similarly, two different 7; onset exist in

0.12

12.5% of X substitution in La, X H;, (n=0.125)

o
Fa

0.08

DOS (states/eV)

0.06

0.04

2 -1.5 -1 -0.5 0 0.5 1 1.5 2
Energy (eV)

FIG. 4. Electronic density of states near the Fermi level for dif-
ferent doping atoms in LaH,, (fully optimized geometry at 150 GPa).
Solid lines represent interesting dopants and lighter-dashed colors
represent less relevant cases. For comparison, the DOS of LaH,q
(pure phase) is shown in black-line (a grey area) calculated in the
supercell.

(=}
—_
~
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IS
=
)

e

0.08

DOS (states/eV)

0.06

004 1 1 1 1 1 1 1
2 -1.5 -1 -0.5 0 0.5 1 1.5 2
Energy (eV)

FIG. 5. Comparison of DOS for LaH,, and the case with a single
vacancy in the La-site, for three different concentrations (one La
atom missing for every 2 x 2 x 2 supercell (88 atoms); one La atom
missing for every 3 x 3 x 3 supercell (297 atoms); one La atom
missing for every 4 x 4 x 4 supercell (704 atoms)).

LaH;( [11], which are above 260 K and close to 250 K with
a dome-shape like behavior under pressure [10]. Presumably,
in other systems such as yttrium hydride [12,13] and thorium
hydride [61], deviations on the measured values of T, seem to
be correlated more with the annealing procedure and less with
the H-content.

In the present study, we cannot rule out the possibility that a
complete quantum treatment of nuclear positions symmetrizes
some of the doped cases, while otherwise at the classical
level it will be distorted. However, verifying this is not com-
putationally tractable for simulating dopants through large
supercells (hundreds of atoms per primitive cell). An indirect
way to verify this effect has been discussed in Appendix C, as
supplementary results of our attempt to solve this problem.

In the following discussions of T calculation, we neglect
the quantum effect of atomic nuclei and stay in the classical
level treatment. Following the results of structure relaxation
in Fig. 2 and enhanced DOS in Fig. 4, we choose Ca-doped
LaHjg as the best candidate, which brings the VHS closer to
the Fermi level. This means Ca-doped case has potentially
higher 7. than the one of LaH . In Sec. III C we move forward

0.12

LaHlO
~ o1l Cag 125129 g75H10 |
g
L
2 0.08 | ]
s
= 006 ]
(@]
A
= 0.04 |
=}
a
=}
£ 002 |
. Y AR | ;X 1Y

-500 0 500 1000 1500 2000 2500 3000
Frequency [cm '1]

FIG. 6. The phonon DOS of LaH,, (blue) and Ca-doped LaH,
(red) with doping ratio of 12.5% at 300 GPa.
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FIG. 7. The Eliashberg spectral functinon «*F (w) at 300 GPa
for (a) LaH,( and (b) Ca-doped LaH;, with doping ratio of 12.5%.
(c) The Eliashberg spectral function o> F (w) of Ca-doped LaH, used
in our practical calculation, in which the low frequency part w <
15 meV (blue) is from the one of (a) LaH;¢, and the part of w <
15 meV (red) is the same as the one of (b) Ca-doped LaH .

to the electron-phonon interaction properties and predicted 7
for the case of Ca-doped LaH .

C. Superconductivity of Ca,La;_,H;, at 300 GPa

Considering the anharmonicity in the phonons of La-H
systems [39] and limitations in our 7, calculation scheme to
treat anharmonic phonons, we examine the superconductivity

of Ca-doped LaH;y at 300 GPa. At pressure of 300 GPa,
the effect of anharmonicity can be neglected and harmonic
phonons are sufficient for the 7; calculation. Since 7; of
LaH;o has been shown to have monotonic dependence of
pressure [39], calculations at 300 GPa can be a guide for
us to examine the enhancement of 7, by doping Ca atoms.
Following the results in Sec. III B, here we calculate the
Ca-doped case with x = 0.125 using a 2 x 2 x 2 supercell.
We use a 6 x 6 x 6 k-mesh and a 3 x 3 x 3 g-mesh for the
DFPT calculation, and we use a 12 x 12 x 12 k-mesh for the
calculation of the electron-phonon interaction as well as the
Migdal-Eliashberg calculation.

In Fig. 6 we show the results of phonon DOS and in Fig. 7
we show the Eliashberg spectral function for 12.5% Ca-doped
LaHjg. In the calculation of Ca-doped LaH;o, phonons with
small negative frequency ~ 10 meV were discovered. With the
assumption that this small negative modes are originted from
supercells are small and numerical errors in the calculation,
we fix the low frequency part w < 15 meV of the Eliashberg
spectral function a?F (w) by replacing this part with the one
of LaH , as is shown in the bottom panel of Fig. 7. Then this
a’F () is used in the following estimation of A and Wiog- For
the Migda-Eliashberg calculation negative value of phonon
frequencies will be replaced by zero. The electron-phonon cal-
culation shows that Ca,La;_,Hj¢ has strong electron-phonon
coupling strength as LaH g, with A = 2.8 and wj,, = 1163 K.
Using the MAD formula we have TMAP = 203.2 K with u* =
0.1, and as a reference for the case of LaH;¢ we obtain a result
of 195.5 K. However, the the MAD formula Eq. (1) tends
to underestimate 7. [50], especially in the strong electron-
phonon coupling regime as in these systems. In such cases,
the ME calculation will give a more accurate results of T¢.
In practical ME calculations, we have added a parameter
at the left hand side of Eq. (2), and solve the equation as an

1.1 ‘ ‘
Ca-doped ©
LaH10 o

Tcdoped
ey :
<L
09 :
0.8
200 240 280 320

T (K)

FIG. 8. Eigenvalue X, vs T in the Migdal-Eliashberg calcula-
tion. Red and blue circles represent the results of Ca-doped LaH;
and LaH;( respectively at 300 GPa. Solid lines are fitting results
using fitting formula Fomax = AlogT + B via parameter A and B.
Extrapolation of the fitting results shows 7. = 203.2 K for LaH;g
and 7% = 233.9 K for the doped case Ca,La;_Hjo.
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FIG. 9. Geometry relaxation results of LaH;y doped by different elements with doping ratio of 3.70% at 150 GPa pressure, and color code
gives the behavior for different elements. (a) The periodic table with elements classfied to three types of relaxation results. Dashed-squares
are elements for which DOS is plotted in Fig. 12. Elements coloured in dark grey were not considered in this study. (b) Typical elements with
corresponding structural patterns after relaxations for three cases. At the doping ratio of 3.70%, only 2 elements preserve the high symmetry.

eigenvalue problem
LA = AA, 3

in which AA represents the right hand side of Eq. (2) in-
cluding temperature 7. The largest eigenvalue imax reaches
one when 7' = T.. In Fig. 8 we compare the results of LaH |
and Ca-doped LaH,g, with T, enhanced by 30 K by doping.
This enhancement of T is caused by the shift of the VHS,
the increase of the DOS at the Fermi level, and therefore
a stronger electron-phonon coupling, which agrees with our
initial proposal. Based on previous experimental evidence of
LaH; [10,11], with 15% enhancement of 7. in LaH; system,
Ca doping provides us a promising route to reach room-
temperature superconductivity at pressure < 170 GPa [62].

IV. CONCLUSIONS

In conclusion, a thorough study of doping and structural
stability for a wide variety of elements reveals the possibil-
ity to tune the electronic structure of LaH|o under pressure.
Among these elements, Ca-doping shows the potential to in-
crease the DOS at the Fermi level and enhance T, of LaH;,.
Using first-principles Migdal-Eliashberg calculation, we show
that T of Ca,La;_,Hjo is 15% higher than the one of LaH|g
with doping ratio x = 12.5%. This provides us a promising
route to reach room-temperature superconductivity at pres-
sure in LaH;o system at ~ 150 to 170 GPa. Meanwhile,
this process of screening based on structure relaxation and
electronic structure calculation can be generalized to apply to
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(@) Substitution of X in La, ,X,H,o, n=0.0156 (1.56%)
H

. Elements studied with fixed symmetry (highly symmetric H-cages) B C N ]

Al Si P S

Ni Cu Zn Ga Ge As Se

Pd Ag Cd In Sn Sb Te

Ta w Re Os Ir

Pt Au Hg Tl Pb Bi Po

=

Lanthanides

(@)

Highly symmetric patterns

FIG. 10. Geometry relaxation results of LaH,, doped by different elements with doping ratio of 1.56% at 150 GPa pressure. (a) The
periodic table with elements which show results with fixed symmetry (highly symmetric H-cages). Dashed squares are elements for which
DOS is plotted in Fig. 12. Elements colored in dark grey were not considered in this study. Especially, Elements colored in white were not
considered in this case of 1.56% doping ratio case. (b) Typical elements with corresponding structural patterns after relaxations. At low doping

ratio of 1.56%, many elements preserve the H-cages.

other clathrate hydride systems to reach higher 7; by optimal
doping.
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APPENDIX A: RESULTS OF LOW DOPING RATIO
OF 3.70% AND 1.56%

The 3.70% case is simulated using the 3 x 3 x 3 supercell
with 297 atoms (27 f.u.). For 1.56% case, we use 704 atoms
and a 4 x 4 x 4 supercell (64 f.u.). We use the Methfessel-
Paxton sampling method with 16 x 16 x 16 k-mesh (145
points) for supercell with 297 atoms, and 10 x 10 x 10 k-
mesh (47 points) for supercell with 704 atoms.

Figures 9 and 10 show the geometry relaxation results of
doping ratio 3.70% and 1.56% respectively. In Fig. 11 we
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(a) Substitution of X in La gs3X0,037H;o (3.70%)
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FIG. 11. Optimized volume for (a) 3.70% and (b) 1.56% dop-
ing ratio with different atoms at 150 GPa. Volume is optimized
without breaking symmetry, thus the highly symmetric H-cages are
preserved. Volume has been scaled to a single formula unit for com-
parison. Representative elements are marked as a guide, for which
the DOS of these cases are plotted in Fig. 12. Red line represents the
volume of the undoped case.

show the results of optimized volume for lower doping ratio
3.70% and 1.56%. Fig. 12 shows electronic DOS for selected
dopants with doping ratio of 3.70% and 1.56%.

For 3.70% doping, we find only two elements (coloured
in red), Hf and Lu, in which after a complete optimization
(starting with broken symmetry) the structures were relaxed
back to the symmetric position, preserving the highly sym-
metrical pattern of H-cages. The elements coloured in yellow
are mostly group I, group II, halogen and noble gas elements
that retain symmetric centres of the fcc La basis but induce
deformation of the H-cages. Elements in light blue are transi-
tion metals and p-block elements for which the dopant’s local
environment produces XH, phase (dopant atom is off-centred
of the fcc basis). Based on the results of 3.70%, we optimized
the volume only for particular cases as input for 1.56%. All the
elements coloured in red are elements considered at the center
of cages with highly symmetric hydrogenic cages (no broken

0.12

3.70% of X substitution in La, X, H,, (n=0.0370)

o
=

DOS (states/eV)
=
o
o0

0.06
0.04
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
Energy (eV)
(b)
0.12 T T T T T T T
1.56% of X substitution in La, ,X,H;, (n=0.0156)
0.1

DOS (states/eV)
=
=
[ere]

0.06 1

Li, Na, K, Rb, Cs,
Me. Sr. Sc, Lu, F. Cl
He, Ne, Ar, Kr, Xe

004 L 1 1 Il L 1 Il
2 -1.5 -1 -0.5 0 0.5 1 1.5

Energy (eV)

(3]

FIG. 12. Electronic density of states near the Fermi level for dif-
ferent doping atoms in LaH10 (fully optimized geometry at 150GPa)
with (a) 3.70% and (b) 1.56% doping ratio. For comparison, the DOS
of LaH10 (pure phase) is shown in black-line (a grey area) calculated
in the supercell.

symmetry). At doping ratio of 1.56%, alkali, alkaline-earth
metals, halogens (Cl and F) and noble gases do not alter the
initial patter of LaHj at this pressure. From the structural
point of view, all these elements are perfect candidates for
doping, inducing small or no changes in the structure. In
Fig. 10, white colored elements are not considered in our
study of 1.56% doping ratio, since these elements have al-
ready shown distorted cage and off-center cage patterns in the
study of 3.70% doping ratio.

According to Fig. 12, at 3.70% doping ratio Hf and Lu
(the only elements that keep a highly symmetric structure)
display DOS that are detrimental to the VHS. The rest of the
elements ultimately removes the VHS. For the case of 1.56%
doping, the elements that show relevant DOS are: Ba, Ca, Y,
and Hf. However, it is noticeable that once the dopant is intro-
duced, the volume change affects the charge transfer within
the H-cage and the dopant. This volume change eventually
reduces the singularity in these cases. It is shown that even low
doping ratio of 3.70% induces sizable changes in the shape of
DOS near the Fermi level. At the pressure considered in this
study (150 GPa), most of the doped elements greatly affect the
electronic singularity even at low limit ~1.56% doping.
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APPENDIX B: DETAILS OF SUPERCONDUCTIVITY
CALCULATION

In the McMillan-Allen-Dynes (MAD) formula, the
electron-phonon coupling strength is

o’F (a))
A=2 | do——— (B1)
)
, and the average phonon frequency
2 ’F
Wlog = exp|:— / da)a—(w)lna):|, (B2)
A w

with the Eliashberg spectral function

@’F () = N(O) DD DR ICHALICHAY

mk,m'k' v
X 8(w — wqy ). (B3)

For the Migdal-Eliashberg calculation, the interaction kernel
consists of contributions from the electron-phonon interaction
and the screened Coulomb interaction as

Ko (g, i) = K (q, i) + KS,, (g, iw,),  (B4)

where ¢ = k — k' and

Ko g, i) = Y 1€ @Dy (¢, iwy),  (BS)
Y

KS,.(q, iw,) =

KR (q, iw, = 0). (B6)

For the electron-phonon interaction, g’y"’”' (g) is the k-averaged
electron-phonon interaction matrix elements, and the bare
phonon Green’s function is

. 2wgy
D,(q,iw,) = RPN (B7)
v qy

where @y, is the phonon frequency with mode index y and
the bosonic Matsubara frequency w,. The screened Coulomb
interaction kernel is an RPA-type kernel with static approxi-
mation iw, = 0. The electronic Green’s function evolved in
Eq. (2) is the fully dressed one which satisfies the Dyson
equation

1

k,iw,) = ’ ’
Gk, iwy) iwy — e — Lk, iwy) e

and the electronic self—energy is written as

Sk, iw) = — — Z Yoo Kk — K iw, — i)
m ki,
X G (K, iwy). (B9)

APPENDIX C: THE QUANTUM EFFECTS

Considering the quantum effects of nuclear positions and
its effect on the results structure relaxation, here we indirectly
verify it as we symmetrize the crystal structures (as observed
in LaH;o) and map the variation of DOS and phonons dis-
persion. To examine any potential conflicts in our predictions
originated from the lack of complete nuclear quantum treat-
ment, we cross-check our results by imposing the symmetric
structure, optimizing volume, and carefully checking the DOS

0.14

12.5% of X substitution in La, X H,, (n=0.125)

DOS (states/eV)

DOS (states/eV)

Energy (eV)

()
0.12 T T T T T T T
1.56% of X substitution in La, X, H;, (n=0.0156)
0.1 1
@
§
2 0.08 4
%)
o) Cosd\Hr v
A %/ N\ =,
0.06 1
Li, Na, K, Rb, Cs,
Mg, Sr. Sc. Lu, E, Cl
He, Ne, Ar, Kr, Xe
004 L 1 L 1 L L 1

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
Energy (eV)

FIG. 13. DOS calculated for different dopants and different ra-
tios of (a) 12.5%, (b) 3.70% and (c) 1.56% considering the quantum
effects. Here we have assumed the symmetry of the fcc phase is
preserved. The best elements for tuning the electronic structure in
LaH,y at 150 GPa are Al, Si, Ge, Ir, Mg, Ca, Sr, and Ba at 12.5%
doping ratio. For 3.7% doping ratio the best elements are Mn, N, Br,
Ru, and H. In the case of even lower doping ratio, the incorporation
of dopants, though in favor of thermodynamical stability, results in
downturns of the stability of the van Hove singularity. In solid-line
(in a grey area), the DOS of LaH, for a single formula unit is shown.

for all doped cases with different percentages. Fig. 13 shows
the elements that have a positive impact on the DOS when a
highly symmetric pattern is preserved. Interestingly, Al, Si, Ir
and H, donate the right amount of electrons to LaH|, shift
the VHS and increase the number of electrons at the Fermi
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level substantially. If introduced in LaH;( at concentrations
indicated, these elements could increase 7; to higher value.
However, our calculations show that the Al-doped case is not
stable under pressure of 250 to 300 GPa, and doping Al will
finally result in the distortion of the H-cages. For the rest of
the candidate dopants, it is possible that they can enhance the
superconductivity in LaH;y considering the quantum effect,
and further studies and examinations for these elements are
required.

APPENDIX D: ENERGY OF MIXING

Considering the experimental synthesis process of Ca-
doped LaH;(, here we give an estimation on the energy of
mixing. The preparation of Ca-doped LaH,o can be regarded
as a mixing process, and the Gibbs free energy of mixing is
written as

AG = AH —TAS, D1)

with the ideal entropy of mixing

AS =R[xInx+ (1 —x)In(1 —x)], (D2)

where x is the doping ratio of Ca, and R is the ideal gas
constant. The enthalpy of mixing is calculated as

AH = H(CaxLal_leo) — xH(CaH2) - 4XH(H2)

— (1 — x)H(LaH,p). (D3)

At pressure of 300 GPa, the enthalpy of mixing obtained
by our DFT calculation is AH = —3.46 meV/atom, for
which we take the P63/mmc phase of CaH, and the Cmca
phase of H, into the calculation. In the case of x = 0.125
with temperature of 7 = 300 K, the entropy term is T AS =
—9.74 meV/atom. This result shows that the experimen-
tal synthesis of Ca,La;_,H;y will require a non-equilibrium
structure preparation for x = 0.125, and a rough estimation
shows that the equilibrium dopant concentration falls in x <
0.05.
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